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In response to high CO2 variability in the environment, green algae, such as 
Chlamydomonas reinhardtii, have evolved multiple physiological states dictated by 
external CO2 concentration. Genetic and physiological studies demonstrated that 
at least three CO2 physiological states, a high CO2 (0.5–5% CO2), a low CO2 (0.03–
0.4% CO2) and a very low CO2 (<0.02% CO2) state, exist in Chlamydomonas. To 
acclimate in the low and very low CO2 states, Chlamydomonas induces a 
sophisticated strategy known as a CO2 concentrating mechanism (CCM) that 
enables proliferation and survival in these unfavorable CO2 environments. CCM 
induction promotes high intracellular inorganic carbon (Ci) accumulation that 
subsequently increases local CO2 concentration at the site of ribulose-1,5 
bisphosphate carboxylase-oxygenase (Rubisco), a central enzyme in CO2 
assimilation, which minimizes photorespiration and increases CO2 fixation via the 
Calvin cycle.  Active uptake of Ci from the environment is one fundamental aspect 
in the Chlamydomonas CCM and is comprised of CO2 and HCO3– uptake systems 
that play distinct roles in low and very low CO2 acclimation states. LCI1, a plasma 
membrane Ci transporter, has been linked through conditional overexpression to 
active Ci uptake. However, both the role of LCI1 in various CO2 acclimation states 
and the species of Ci, HCO3– or CO2, that LCI1 transports remain obscure. Thus, 
my research project aims to examine the roles of LCI1 in low and very low CO2 
and to shed light on its preferred Ci species (HCO3–, CO2). In chapter 2, 
characterization of an LCI1 single mutant (lci1), I report on the impact of LCI1 
absence on growth and photosynthesis, as well as on genetic crosses to test 
 vii 
inheritance and linkage of the LCI1 mutation with observed phenotype in lci1. In 
chapter 3, investigation of physiological responses in double mutants LCI1-LCIB 
and LCI1-LCIA are reported. These double mutants’ studies uncovered the roles 
of LCI1 in low and very low CO2 acclimation states and also revealed functional 
relationships between LCI1-mediated Ci uptake and two known Ci uptake systems 
in Chlamydomonas, LCIB-mediated CO2 uptake and LCIA-associated HCO3– 
transport. Furthermore, comprehensive analyses of total Ci-dependent O2 
evolution profiles and LCI1 uncompensated contributions in three, genetic and 
mutational backgrounds, at pH 6, 7.3, and 9 showed that CO2 is the Ci species 
preferred by LCI1. The research presented in this dissertation advances our 





CHAPTER 1. GENERAL INTRODUCTION AND LITERATURE REVIEW 
1. General Introduction 
Incorporation of atmospheric CO2 into organic carbon by photosynthesis is 
an essential biochemical process that sustains life of almost all living organisms 
on earth. However, for many photosynthetic organisms, the present-day CO2 level 
is a major limiting factor to achieve optimal photosynthetic capacity due to the slow 
catalytic activity of ribolose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), 
the primary CO2-fixing enzyme in nature. Inefficiency of Rubisco’s catalytic 
performance in CO2 fixation is characterized by a relatively low affinity for CO2 and 
a slow carboxylase turnover rate. Furthermore, Rubisco also catalyzes the 
oxygenation of D-ribulose-1,5-bisphosphate (RuBP), which causes CO2 loss in the 
photorespiratory pathway. To overcome this limitation, many photosynthetic 
organisms have evolved a CO2-concentrating mechanism (CCM) that increases 
local CO2 concentration at the site of Rubisco, thus promoting Rubisco’s 
carboxylase activity while suppressing its oxygenase activity. Classic examples of 
CCMs in higher plants are the C4 and Crassulacean acid metabolism (CAM) 
pathways in which CO2 is assimilated into a 4-carbon compound followed by its 
decarboxylation to generate CO2 in the vicinity of Rubisco. Aquatic photosynthetic 
organisms, such as microalgae and cyanobacteria, have also evolved a different 
and arguably more efficient CCM compared to those of terrestrial plants. In aquatic 
ecosystems, photosynthetic organisms, such as microalgae and cyanobacteria, 
often experience a limited CO2 supply, due to slow diffusion of CO2 in water and 
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dramatic changes in the availability of dissolved inorganic carbon (Ci: CO2, HCO3– 
and CO32–). Thus, the presence of a CCM allows microalgae to acclimate to 
unfavorable environmental conditions.  
Microalgae constitute a diverse group of unicellular organisms of interest in 
basic science and applied research. Recently, microalgae have been exploited as 
a source for second-generation biofuel production. For this application, eukaryotic 
microalgae offer some benefits that cannot be found in other systems. The 
combination of rapid cell division and the unicellular physiology allows microalgae 
to be more productive than any plant systems. Moreover, their ability to fix carbon 
directly from the environment via photosynthesis offers more sustainable sources 
of energy-rich compounds compared to bacteria and yeast (Scaife et al., 2015). 
Since CO2 is important for photosynthetic growth of microalgae, it is critical to 
understand the microalgal CCM in order to generate viable “biofactories” for biofuel 
production. In this sense, Chlamydomonas reinhardtii serves as a great model, 
since it has a well characterized CCM, a unique and efficient strategy that enables 
microalgae to adapt to various environmental CO2 levels.  
2. Literature Review 
2.1. Chlamydomonas reinhardtii as a model organism 
Most laboratory strains of Chlamydomonas reinhardtii (hereafter 
Chlamydomonas) have been derived from isolates originated from soil near 
Amherst, Massachutsetts in 1945 (Harris, 2001).  Chlamydomonas is a unicellular 
microalga with cells ~10 µm in length, and this tiny organism resembles a common 
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ancestral prototype of plants and animals. Chlamydomonas has a chloroplast, in 
which photosynthesis takes place, and also two flagella for swimming and sensing 
of environmental cues (Merchant et al., 2007). For decades, Chlamydomonas has 
been a prominent model organism for elucidating many fundamental biological 
processes, including chloroplast biogenesis, flagellar assembly, and motility; not 
to mention, photosynthesis research, in which the first genetic evidence of 
photosynthetic electron transport was revealed (Gorman and Levine, 1965; 
Gorman and Levine, 1966b, c, a; Grossman et al., 2007; Goodenough, 2015). 
More recently, Chlamydomonas has been used to generate therapeutic proteins 
and to improve metabolic pathways for biodiesel production (Rasala and Mayfield, 
2011; Scranton et al., 2015).  
As a model organism, Chlamydomonas has several outstanding attributes. 
(1) The ability to grow in the dark by utilizing acetate as a carbon source allows the 
isolation of a wide range of mutants in which the photosynthetic apparatus is 
defective. (2) Its haploid growth is beneficial for genetic analysis, since the four 
products of meiosis can be separately analyzed (Harris, 2001). (3) The sequences 
of nuclear, chloroplast and mitochondria genomes have been determined and are 
available (Vahrenholz et al., 1993; Maul et al., 2002; Merchant et al., 2007). (4) A 
large collection of mutants is available, including an indexed map mutant library (Li 
et al., 2016). (5) Transformation technology for DNA integration to its three 
genomes is accessible (Jinkerson and Jonikas, 2015). (6) Targeted modifications 
with RNAi, Zinc-finger nucleases, dTALE activation and CRISPR/CAS9 
technology have been successfully demonstrated in Chlamydomonas (Duanmu et 
 4 
al., 2009a; Molnar et al., 2009; Sizova et al., 2013; Gao et al., 2015; Shin et al., 
2016; Greiner et al., 2017).  
2.2. The CO2 concentrating mechanism  
A CCM in photosynthetic organisms, including microalgae and 
cyanobacteria, represents an evolutionary adaption to the decrease of CO2 level 
and the increase of O2 level that occurred ~350 million years ago (Price et al., 
2007). The main goal of any CCM is to suppress the photorespiration and enhance 
carbon fixation. In microalgae and cyanobacteria, when environmental CO2 level 
decreases, the operation of a CCM promotes intracellular Ci accumulation, mostly 
in the form of HCO3–, resulting in a Ci pool with up to 1000-fold higher concentration 
than the low CO2 environment. The Ci pool provides high CO2 concentration at the 
site of Rubisco, which substantially improves its carboxylase activity.  
Even though cyanobacterial and microalgal CCMs shared some common 
features, the operation of CCM in eukaryotic system, such as that of 
Chlamydomonas, is more complex than the cyanobacterial CCM due to the 
presence of extra subcellular compartments. Fundamentally, the operation of the 
Chlamydomonas CCM is highly dependent on active Ci uptake systems that allow 
high intracellular Ci accumulation and on the sequestration of Rubisco in a specific 
microcompartment called the pyrenoid, where local CO2 concentrations can be 
elevated. The active Ci uptake systems in Chlamydomonas are supported by 
several important features. (1) facilitated HCO3– transport and active CO2 uptake 
across membranes; (2) enzymatic activity of carbonic anhydrases (CA) in various 
intracellular compartments that catalyze Ci interconversion combined with 
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synergistic actions between CAs and Ci transporters to promote high internal Ci 
accumulation; (3) a CO2 recapture system to prevent CO2 from leaking out of the 
pyrenoid. Collectively, this system amplifies CO2 concentration in the vicinity of 
Rubisco, thus enabling Chlamydomonas to quickly acclimate to a decrease of CO2 
concentration in the environment.  
2.3. CO2 acclimation states 
Chlamydomonas can live in various habitats ranging from soil ecosystems 
comprising a rich microbiome with active respiration that could elevate CO2 levels, 
to aquatic environments with limited CO2 supply due to the slow CO2 diffusion in 
water, an environmental pH that alters the composition of CO2 and HCO3–, and 
rapid CO2 consumption by dense populations of photosynthetic organisms. As an 
adaptation for growth in diverse habitats, Chlamydomonas has evolved multiple 
physiological states dictated by external CO2 concentrations. High CO2 (1%–5% 
CO2) and limiting CO2 (air CO2 level to almost zero CO2 level; ≤ 0.03% CO2), are 
two physiological conditions labeled in many early CCM studies.  Cells grown in 
high CO2 exhibit much lower affinity for Ci compared to cells grown in limiting CO2, 
and the low Ci affinity is consistent with the lack of a CCM in high CO2.  In limiting 
CO2, the K1/2 Ci of Chlamydomonas cells is 10–1000-fold higher than in high CO2 
cells, which was demonstrated to result from active Ci uptake that elevated 
intracellular Ci accumulation (Berry et al., 1976; Moroney and Tolbert, 1985).  
Recent genetic and physiological studies provide strong evidence for the 
existence of at least two distinct CO2 acclimation states: a low CO2 state and a 
very low CO2 state, within the limiting CO2 range. The first genetic evidence came 
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from the growth characteristics of the Chlamydomonas pmp1 mutant, which died 
in low CO2, specifically in air-level CO2 (0.03–0.04%), but exhibited normal growth 
in high CO2 (5%) and very low CO2 (<0.01%) (Van et al., 2001; Spalding et al., 
2002). These results were supported by physiological analysis of a wild-type strain 
grown in bioreactors supplemented with various concentrations of CO2 (Vance and 
Spalding, 2005). In this study, the approximation of CO2 concentration limits for 
each acclimation state was established, defining high CO2 (0.5−5%), low CO2 
(0.03−0.4%) and very low CO2 (<0.02%) acclimation states. Furthermore, this 
study revealed physiological characteristics associated with each acclimation 
state. High CO2 state cells did not express CCM genes and have a K1/2 (CO2) 
higher than those of low CO2 and very low CO2 state cells. While the expression 
of CCM genes is induced in both the low and the very low CO2 states, cells in the 
very low CO2 state exhibited a slower growth rate, a smaller average cell size, a 
low chlorophyll concentration, and an increased CO2 affinity compared to cells in 
the low CO2 state (Vance and Spalding, 2005). Interestingly, more recent data on 
genetic and physiological analysis in CCM mutants, ad1 and lab, demonstrated 
that distinct Ci uptake systems are responsible for acclimation to the low and the 
very low CO2 states, and these two states also are subject to differential regulation 
(Wang and Spalding, 2014a).  
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2.4. Ci uptake systems 
2.4.1. Ci transporters  
Earlier studies demonstrated that active Ci uptake takes place across the 
plasma membrane, chloroplast envelope and within the chloroplast (Sültemeyer et 
al., 1988; Sültemeyer et al., 1989; Amoroso et al., 1998; Wang and Spalding, 
2014a). Through multiple studies from different groups, many putative Ci transport 
proteins encoded by CO2-responsive genes were identified and localized (see 
Wang et.al., 2015 for a review). However, the precise role of most of these Ci 
uptake proteins in the CCM is still unclear. Thus far, only HLA3, LCIA and LCI1 
have been demonstrated to have direct role in active Ci uptake across membranes 
in limiting CO2 conditions.  
HLA3 is a plasma membrane localized protein (Gao et al., 2015) that likely 
plays a major role in HCO3– transport, and it belongs to an ATP-binding cassette 
(ABC) transporter superfamily (Im and Grossman, 2002; Im et al., 2003). The 
involvement of HLA3 in HCO3– transport was first demonstrated in HLA3 
knockdown lines in an LCIB mutant, which resulted in decreased Ci accumulation 
at alkaline pH (Duanmu et al., 2009a). A few years later, physiological study of an 
HLA3 insertional mutant demonstrated that the absence of HLA3 significantly 
decreased photosynthetic Ci affinity at pH 9 but not at pH 6.2 or pH 7.8 (Yamano 
et al., 2015).  Interestingly, HLA3 and LCIA (a chloroplast envelope protein) were 
confirmed to work cooperatively in HCO3– transport, which was demonstrated in 
Chlamydomonas lines exhibiting dTALE activated HLA3 overexpression and LCIA 
expression. The combined expression of HLA3 and LCIA enhanced photosynthetic 
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O2 evolution in high CO2 cells, specifically in the very low CO2 range (Gao et al., 
2015). This result is consistent with the later, conditional co-overexpression of 
HLA3 and LCIA in a wild-type strain, where Ci accumulation and Ci affinity were 
increased in alkaline pH, and where expression of HLA3 appeared to depend on 
the presence of LCIA (Yamano et al., 2015).  
The role of LCIA in HCO3– transport was demonstrated by two independent 
studies (Wang and Spalding, 2014a; Yamano et al., 2015). Both studies showed 
that an LCIA single-gene mutant exhibits decreased photosynthesis only in 
alkaline pH, where HCO3– is the major Ci species. LCIA (also called NAR1.2) was 
confirmed to be localized on the chloroplast envelope (Wang and Spalding, 2014a) 
and it belongs to a formate-nitrite transporter family (FNT) (Mariscal et al., 2006). 
Bacterial members of the FNT protein family, FocA, have been shown to form a 
pentameric complex that resembles aquaporin structure and which behaves like a 
channel rather than an active transporter (Wang et al., 2009). Thus, Wang and 
Spalding (2014a) reasoned that, in order for LCIA to function as a channel, 
synergistic work between LCIA and a plasma membrane transporter, such as 
HLA3, would be necessary to create HCO3– movement against the opposing 
chloroplast envelope membrane potential.  
Another interesting finding regarding LCIA-mediated HCO3– uptake comes 
from physiological and genetic analysis of the double mutant LCIA-LCIB (lab). In 
this study (Wang and Spalding, 2014a), LCIA appeared to be responsible for 
HCO3– transport in the very low CO2 acclimation state, but the LCIA-mediated 
HCO3– uptake system seemed to be inhibited by increasing CO2 concentration, 
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especially in air-level CO2. Furthermore, to sustain active Ci uptake in the very low 
CO2, LCIA-mediated HCO3– uptake apparently works in parallel with an LCIB-
based CO2 uptake system, demonstrating that these two Ci uptake systems are 
complementary and can compensate for the absence of each other.   
In addition to LCIA, CemA, which is a chloroplast envelope protein encoded 
by a chloroplast ycf10 gene, also has been proposed to act as a Ci transporter in 
the chloroplast envelope, since the mutation in ycf10 decreased Ci uptake (Rolland 
et al., 1997). However, its ortholog in cyanobacteria is associated with sodium-
dependent proton extrusion, so it has been suggested that, instead of functioning 
as a Ci transporter, CemA may be involved in maintaining electrical and pH 
homeostasis (Spalding, 2009). 
Limiting-CO2 inducible1 or LCI1 also has been shown to play a role in active 
Ci uptake. LCI1 expression was found to be induced in limiting CO2 and to be 
localized on the plasma membrane (Burow et al., 1996; Ohnishi et al., 2010). LCI1 
is a novel protein with four, predicted transmembrane domains. However, it lacks 
any previously identified functional motif, and no homologs were found in other 
organisms (Ohnishi et al., 2010). Conditional expression of LCI1 promoted Ci 
uptake in a regulatory mutant, lcr1, in which expression of LCI1, CAH1 and LCI6 
all are very low (Yoshioka et al., 2004; Ohnishi et al., 2010). Expression of LCI1 in 
lcr1 increased Ci consumption, internal Ci accumulation and Ci affinity. However, 
this study failed to identify the specific Ci species taken up by LCI1 (Ohnishi et al., 
2010). Thus far, the role of LCI1 in low and very low CO2 acclimation states 
remains elusive. Furthermore, the Ci preference of LCI1 is still puzzling. Co-
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expression of LCI1 and LCIA in a wild-type strain did not improve Ci affinity in pH 
9, leading to a conclusion that LCI1 is not involved in HCO3– uptake along with 
LCIA (Yamano et al., 2015). However, affinity purification, mass spectrometry 
based interactome data indicated that, in vitro, LCI1 was present in a complex with 
HLA3, a plasma membrane HCO3– transporter, and that both proteins also formed 
a complex with ACA4, a P-type ATPase/cation transporter (Mackinder et al., 2017). 
Thus, further study is required to investigate the function of LCI1 in Ci uptake and 
its interaction with HLA3.  
2.4.2. Carbonic anhydrases 
In Chlamydomonas, at least twelve isoforms of carbonic anhydrases have 
been identified. Among these, the expression of nine CAs changed upon induction 
by limiting CO2 (Moroney et al., 2011). The role of these nine CAs: CAH1, CAH2, 
CAH3, CAH4/5, CAH6, CAH7, CAH8 and CAH9 in CCM will be discussed below.  
CAH1 and CAH2: CO2 and HCO3− are two major Ci species taken up by 
Chlamydomonas to support its photosynthetic growth. The dissolution of 
atmospheric CO2 into water depends on the CO2 partial pressure when the gas 
and aquatic phases are in equilibrium. CO2 availability to photosynthetic cells also 
is affected by the slower CO2 diffusion rate in water compared to air. Furthermore, 
the ratio of HCO3− to CO2 depends strongly on the pH and the slowness of Ci 
interconversions in the absence of a catalyst. The combination of the 
environmental factors above and the intense photosynthetic activity of microalgae 
will often limit Ci availability. Therefore, to prevent rapid depletion of CO2 or HCO3−, 
periplasmic carbonic anhydrase(s) may be required to maintain an equilibrium 
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between these Ci species (Wang et al., 2015). CAH1 was among the limiting-CO2-
inducible genes first identified, and it encodes an α-carbonic anhydrase located in 
the periplasm. The product of CAH1 arguably facilitates the uptake of CO2 across 
the plasma membrane (Moroney et al., 1985; Fukuzawa et al., 1990b) by 
catalyzing reversible conversion of CO2 and HCO3− . Although a CAH1 mutant 
showed no growth defect under low CO2 conditions, its photosynthetic Ci affinity 
in very low CO2 was slightly decreased (Van and Spalding, 1999). In addition to 
CAH1, another periplasmic CA, encoded by CAH2, also was identified. The amino 
acid sequences of CAH1 and CAH2 are almost identical, which suggests they are 
closely related (Fujiwara et al., 1990; Fukuzawa et al., 1990a). However, the 
expression of CAH2 is not induced under limiting CO2 conditions, and its 
expression in high CO2 is far lower than that of CAH1 in low CO2 (Rawat and 
Moroney, 1991). 
CAH4/5: Under limiting CO2 conditions, two identical mitochondrial carbonic 
anhydrases, CAH4 and CAH5, were identified among highly expressed genes, 
although their precise role in the CCM remains obscure. During acclimation to low 
CO2, mitochondria move from within the cup of the chloroplast to a peripheral 
position between the plasma membrane and chloroplast envelope(Geraghty and 
Spalding, 1996), leading to speculation that this mitochondria migration may be 
related to energization of plasma membrane transporters or possibly to glycolate 




CAH3: Inside the stroma, Ci species are accumulated in the form of HCO3− 
because of the alkaline pH in this compartment. Thus, carbonic anhydrase 3 
(CAH3), which is present in the thylakoid lumen, is apparently involved in 
dehydration of HCO3− to generate CO2, which then is released and used by 
Rubisco in the Calvin-Benson-Bassham cycle. A mutant of CAH3 showed high 
accumulation of HCO3− and required high CO2 to grow which indicated that CAH3 
is important for HCO3– dehydration to provide CO2 for Rubisco (Duanmu et al., 
2009b).  
CAH6: A putative stromal carbonic anhydrase (CAH6) also was proposed 
to function similarly to the LCIB/LCIC complex in stromal CO2 to HCO3− conversion 
and as a CO2 barrier around the pyrenoid (Mitra et al., 2004; Mitra et al., 2005; 
Moroney and Ynalvez, 2007). However, no CAH6 mutant has been identified so 
far, and the putative stromal localization of CAH6 is questionable. Recent, high-
throughput fluorescence protein tagging indicated that CAH6 is localized in the 
flagella and not in the stroma (Mackinder et al., 2017). Therefore, speculation 
regarding CAH6 function also is questionable.  
CAH7, CAH8 and, CAH9: CAH7 and CAH8 are constitutively expressed, 
and, even though they share sequence similarity, CAH7 localization was still 
unknown, while CAH8 was reportedly targeted to the periplasmic space (Ynalvez 
et al., 2008; Moroney et al., 2011) . Based on CAH8 localization, it was speculated 
that this CA might at least partially compensate for the absence of CAH1, which 
might explain the lack of a significant growth phenotype of the cah1 mutant. The 
expression level of CAH9 appears to be low and its possible role in CCM is still 
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unknown (Moroney et al., 2011), however, recent data showed that CAH9 is 
localized in the cytosol (Mackinder et al., 2017). 
2.4.3. The role of LCIB in active CO2 uptake and CO2 recapture systems 
Another key component of the CCM is the LCIB protein. The first mutant of 
LCIB, pmp1 was isolated over three decades ago and was proposed to have defect 
in active Ci uptake, since it died in air-level of CO2 and exhibited a deficiency in Ci 
uptake (Spalding et al., 1983). An allelic LCIB mutant, designated as ad1, was 
identified in 2006, and genetic characterization of ad1 linked the mutation in both 
strains to LCIB (Wang and Spalding, 2006). LCIB mutants display a distinctive “air-
dier” phenotype, which refers to their ability to grow well in high CO2 and in very 
low CO2 but to die in air-level CO2 (Van et al., 2001; Spalding et al., 2002; Wang 
and Spalding, 2006). LCIB is part of a novel gene family, and its expression is 
substantially increased in limiting CO2, as is the expression of its homologues in 
Chlamydomonas, LCIC, LCID and LCIE (Wang and Spalding, 2006). LCIB is 
localized in the chloroplast stroma and has been demonstrated to form a complex 
with LCIC (Yamano et al., 2010).  
LCIB has been proposed to play a role in the irreversible hydration of CO2 
to HCO3– inside the stroma as well as in a CO2 recycling mechanism. This 
proposed recycling function is based on genetic analysis of the double mutant 
LCIB-CAH3 (Duanmu et al., 2009b). The ability of CAH3 mutations to mask the 
air-dier phenotype of LCIB mutants, together with the over-accumulation of 
intracellular Ci in the double mutant LCIB-CAH3, indicated that, in the absence of 
CAH3, the LCIB mutation did not have significant consequence on Ci 
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accumulation. This epistatic relation between LCIB and CAH3 showed that LCIB 
functions downstream of CAH3. Because CAH3 functions to catalyze the 
dehydration of HCO3– in the lumen and to release CO2 for Rubisco in the pyrenoid, 
it was concluded that, since LCIB is placed downstream of CAH3 genetically, LCIB 
functions to capture excess CO2 produced by CAH3 and un-fixed by Rubisco that 
leaks from the pyrenoid. The CO2 captured by LCIB would then be rehydrated back 
into the stromal HCO3– pool. Since LCIB can capture CO2 leaking from the 
pyrenoid, and because lcib mutants failed to actively take up CO2, especially in the 
absence of LCIA-mediated HCO3– transport, it has been concluded that LCIB also 
traps CO2 entering the stroma from outside the cell into the stromal Ci pool via 
unidirectional hydration to HCO3– (Wang and Spalding, 2014a).   
The hypothetical functions for LCIB in active CO2 uptake and CO2 recycling 
are supported by the localization of LCIB in the stroma in low CO2 and around the 
pyrenoid in very low CO2 (Duanmu et al., 2009b; Wang and Spalding, 2014b). 
Furthermore, recent structural data of LCIB is consistent with a function of LCIB in 
CO2 hydration to HCO3–. LCIB and LCIC structure show a typical β-CA folding, 
particularly with regard to the β-CA active site. Interestingly, LCIB and LCIC lack 
in vitro CA activity, which suggests that tight regulation of LCIB activity might occur 
in vivo. It has been proposed that the absence of regular CA function in LCIB may 
be necessary to maintain high HCO3– pool, since unregulated CA activity 
catalyzing the interconversion between HCO3– and CO2 might potentially decrease 
the stromal HCO3– level (Jin et al., 2016).  
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Genetics and physiological studies of ad1 and lab (LCIB-LCIA double 
mutant) revealed specific roles for LCIB and LCIA that are distinct in low CO2 and 
in very low CO2. In low CO2, especially in air-level CO2, LCIB is the main player 
that maintains stromal HCO3– accumulation through active CO2 uptake, as 
described above. Even though lcib mutants exhibit normal growth and nearly 
normal photosynthesis in very low CO2, this study demonstrated that both LCIB 
and LCIA are important in very low CO2 and can compensate for each other. LCIB 
is responsible for active CO2 uptake, and LCIA mostly contributes to HCO3– 
uptake. Furthermore, the absence of either LCIA or LCIB can be complemented 
by the other, as indicated by normal photosynthesis and growth of each single 
mutant in very low CO2 but lethality of the double mutant (Wang and Spalding, 
2014a).  
2.5. Pyrenoid 
Pyrenoids are membrane-less microcompartments in the chloroplast of 
many eukaryotic microalgae and are essential components of the CCM. The 
pyrenoid matrix is mainly filled with densely packed large and small subunits of 
Rubisco. In limiting CO2, roughly 90% of Rubisco accumulated in the pyrenoid, 
while approximately 50% was found in the pyrenoid in high CO2 (Borkhsenious et 
al., 1998; Mitchell et al., 2014). Recently, in addition to Rubisco, EPYC1 was found 
in the pyrenoid of Chlamydomonas, and this protein was proposed to serve as a 
Rubisco linker. The absence of EPYC caused a CCM deficiency and significantly 
reduced Rubisco accumulation in the pyrenoid (Mackinder et al., 2016).  
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2.6. Regulation of CCM 
CIA5 (or CCM1) and LCR1 are the two most studied regulators of the 
Chlamydomonas CCM. CIA5 is a transcription regulator, which contains defined 
zinc-binding domains and an activation domain, that is constitutively expressed in 
all CO2 acclimation states (Fukuzawa et al., 2001; Xiang et al., 2001; Chen et al., 
2017). Mutants of cia5 exhibit poor growth in low CO2 and die in very low CO2 
(Moroney et al., 1989; Spalding et al., 1991). Expression of many CCM genes, 
such as CAH1, LCI1, LCIB and several others, were reportedly down-regulated in 
this mutant (Miura et al., 2004). More recent transcriptome analysis of cia5 and 
wild type demonstrated that CIA5 regulates not only CCM-associated genes but 
also hundreds of genes unaffected by changes in CO2 levels. In fact, CIA5 has a 
wide impact on regulation of more than 2000 genes in Chlamydomonas  (Fang et 
al., 2012). 
LCR1, which also is involved in CCM genes regulation, is a Myb-type 
transcription factor regulated by CIA5 and has been shown to control expression 
of three CO2-responsive genes: CAH1, LCI1 and LCI6. Transient expression of 
CAH1 in an lcr1 mutant was still observed upon low CO2 induction suggesting that 
LCR1 functions to maintain CAH1 transcript abundance rather than transcription 
initiation (Yoshioka et al., 2004).   
More recently, it has been reported that a mutant lacking the calcium (Ca2+)-
binding protein (CAS) failed to maintain expression of several known CCM genes, 
including HLA3 and LCIA. Moreover, under limiting CO2 conditions, CAS changed 
location from the stroma to the pyrenoid, and Ca2+ concentration increased within 
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the pyrenoid. These results suggest that Ca2+ might have some impact on CO2 
sensing in Chlamydomonas (Wang et al., 2016).  
2.7. Big picture of CCM 
The effectiveness of the microalgal CCM, in this case represented by the 
Chlamydomonas CCM, relies on active HCO3– and CO2 uptake from the 
environment to generate an accumulation of internal Ci in the stroma that 
subsequently provides elevated CO2 for Rubisco. It appears that active Ci uptake 
in Chlamydomonas is supported by at least two distinct Ci uptake systems. Thus 
far, current data support the existence of an LCIB-based, active CO2 uptake 
system and an LCIA-mediated, active HCO3– transport system. Described below 
is a hypothetical model of CCM operation based on currently available data. 
In the periplasmic space, CAH1 will catalyze rapid interconversion between 
HCO3– and CO2, possibly to provide a constant supply of substrate for Ci 
transporter(s) located in the plasma membrane. The movement of HCO3– across 
the plasma membrane and chloroplast envelope appears to be facilitated by HLA3 
and LCIA, respectively, while CO2 uptake could be mediated by unidentified 
channel(s)/transporter(s) in the plasma membrane and chloroplast envelope. 
Alternatively, CO2 could cross the plasma membrane and/or the chloroplast 
envelope through passive diffusion.  
In the chloroplast, entering HCO3– accumulates and is maintained as HCO3– 
in a stromal Ci pool due to the alkaline stromal pH. On the other hand, entering 
CO2 appears to be trapped by the LCIB/LCIC complex through unidirectional 
hydration to HCO3–, which also enters the stromal Ci pool. Accumulated stromal 
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HCO3–, from either HCO3– transport or LCIB-mediated CO2 uptake, could enter the 
thylakoid lumen through an as-yet unidentified transporter, where it appears to be 
dehydrated by lumen carbonic anhydrase, CAH3, to generate elevated CO2 
concentrations in the pyrenoid as substrate for Rubisco. To minimize pyrenoid CO2 
leakage, the LCIB/LCIC complex apparently captures escaping CO2 and converts 
it to HCO3–, thus maintaining or increasing the stromal HCO3– pool.  
The activity of active CO2 and HCO3– uptake systems in low and very low 
CO2 may be tightly regulated, as exemplified by the apparent inability of the LCIA-
mediated HCO3– transport system to function at full capacity in air-level CO2, even 
though it is capable of fully supporting Ci uptake in very low CO2.  
2.8. Dissertation organization 
The focus of this dissertation is to closely examine the role of the putative 
plasma membrane Ci transporter, LCI1, in the CCM. Chapter 2 discusses the 
characterization of an LCI1 single mutant generated by Chlamydomonas Library 
Project (CLiP). In chapter 3, physiological analyses of the double mutants LCI1-
LCIB and LCI1-LCIA generated from genetic crosses is presented. Through Ci-
dependent photosynthetic O2 evolution studies in a range of pHs, the role of LCI1 
in low and very low CO2 acclimation states, as well as the predicted Ci preferences 
of LCI1, are discussed. Chapter 4 summarizes the proposed role of LCI1 in the 
CCM, the significance of this finding and suggested future directions of LCI1 
research. Chapter 5 is a stand-alone chapter describing work on medium chain 
fatty acid engineering in Chlamydomonas and Chapter 6 delivers the general 
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CHAPTER 2. CHARACTERIZATION OF LCI1 SINGLE MUTANT 
1. Introduction 
CO2 gas in the atmosphere has a significant influence on nearly all living 
organisms on earth. As a substrate in photosynthesis, CO2 is vital for organic 
carbon synthesis powered by solar energy. Yet for many photosynthetic 
organisms, present-day atmospheric CO2 concentration emerges as a major 
hindrance to achieve maximum photosynthetic capacity because of limited 
performance of Rubisco, the primary CO2 fixing enzyme. Rubisco has a relatively 
low CO2 affinity, a slow turnover rate, and its dual competitive activities, oxygenase 
and carboxylase, exacerbate its poor enzymatic kinetics. In consequence, many 
photosynthetic organisms have developed various strategies to increase CO2 
concentration around Rubisco’s catalytic site, for example, Crassulacean acid 
metabolism (CAM) and C4 metabolism found in plants in which CO2 is temporarily 
stored as 4-carbon organic acids and subsequently decarboxylated to release CO2 
in the Rubisco’s active site.  
Aquatic organisms, on the other hand, encounter more dramatic changes 
of inorganic carbon (Ci; CO2 and HCO3–) availability that often occur in a short 
period of time, because of slow diffusion rate of CO2 in water and environmental 
pH fluctuation that alter CO2 and HCO3– composition. To adapt to this condition, 
cyanobacteria and microalgae have evolved a unique strategy, implementing 
systems known as CO2-concentrating mechanisms (CCMs), that is substantially 
different and arguably more efficient than C4 and CAM in terrestrial plants.  
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CCMs in cyanobacteria and microalga are inducible systems that 
fundamentally rely on active Ci uptake, interconversion of Ci species by carbonic 
anhydrases and localization of Rubisco in a specific microcompartment. Active Ci 
uptake is supported by energized HCO3– and CO2 uptake systems that result in 
the accumulation of an intracellular Ci (Ci pool) significantly higher than the 
atmospheric CO2 level. This Ci pool, mostly in the form of HCO3–, is subsequently 
dehydrated to CO2 by the activity of CA, and the higher concentration of CO2 is 
fixed by Rubisco.  
Ci flux to Rubisco depends on the activity of Ci uptake systems, thus, much 
effort has been put forward to reveal specific roles of Ci uptake systems in CCM. 
Within the last few decades, significant progress to elucidate the eukaryotic Ci 
uptake systems has been made in the unicellular green alga, Chlamydomonas 
reinhardtii (hereafter, Chlamydomonas). Through physiological studies, it has 
been established that Ci flux across membranes in Chlamydomonas is supported 
by two energized Ci uptake systems, HCO3– and CO2 (Moroney and Tolbert, 1985; 
Sültemeyer et al., 1989). However, the components and the molecular 
mechanisms underlying the operation of HCO3– and CO2 uptake have not been 
fully characterized. Furthermore, the presence of various cell compartments and 
the acclimation to multiple CO2 acclimation states make the operation of Ci uptake 
systems in Chlamydomonas appear to be more complex. Genetic and 
physiological evidence has clearly demonstrated that at least three CO2 
acclimation states are present in Chlamydomonas : a high CO2 (5%–0.5%), a low 
CO2 (0.5–0.02%) and a very low CO2 (<0.01%) state (Vance and Spalding, 2005; 
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Wang and Spalding, 2006). Interestingly, recent studies have revealed that Ci flux 
in different CO2 acclimation states, specifically in a low and a very low CO2, is 
supported by distinct Ci uptake systems (Wang and Spalding, 2014).  
In low CO2, especially at air level, a CO2 uptake system appears to play a 
critical role in active Ci uptake, and LCIB, a novel chloroplast-stromal protein, 
appears by far to be the only protein shown to be essential in active CO2 uptake in 
air-level CO2. The apparent role of LCIB is to prevent CO2 leakage from the 
pyrenoid, a microcompartment where Rubisco is sequestered, and to capture CO2 
entering the cells by unidirectional conversion of CO2 to HCO3– (Wang and 
Spalding, 2006; Duanmu et al., 2009b; Wang and Spalding, 2014). However, the 
precise mechanism and regulation of LCIB-mediated CO2 uptake requires more 
exploration. 
In very low CO2, both the LCIB-mediated CO2 uptake system and a HCO3– 
transport system, are required for intracellular Ci accumulation. In this condition, 
HCO3– uptake is reportedly mediated by a cooperative effort of HLA3, a plasma 
membrane transporter, and LCIA, a chloroplast envelope protein (Duanmu et al., 
2009a; Gao et al., 2015; Yamano et al., 2015). Genetic studies have demonstrated 
that in very low CO2, the HLA3-LCIA-mediated HCO3– transport system has a 
complementary role with LCIB, since the absence of any one component has no 
substantial consequence on growth and photosynthetic activity. Furthermore, 
physiological studies of LCIA/LCIB double mutants have revealed that the activity 
of HLA3-LCIA-mediated HCO3– transport is optimal in very low CO2 but appears 
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to be inhibited by the increasing CO2 concentration as the acclimation state 
switched from very low to low CO2 (Wang and Spalding, 2014).  
While studies on HLA3, LCIA and LCIB have revealed valuable insights on 
the molecular mechanisms of Ci uptake systems and their contributions in different 
CO2 acclimation states, the role of many putative Ci transporters located in various 
cell compartments have not yet clearly defined. At the plasma membrane, in 
addition to HLA3, LCI1 (limiting-CO2 inducible1) protein is reported to be 
associated with Ci uptake. LCI1 has several predicted transmembrane domains 
and it is encoded by an orphan gene that lacks sequence homologs in other 
organisms. Thus far, even though single knockout or knockdown mutants of LCI1 
are not yet reported, the conditional expression of LCI1 in lcr1, a mutant that lacks 
the expression of several CCM genes, including LCI1, resulted in increased 
photosynthesis at pH 6, pH 7 and pH 7.8, although LCI1 preferences on Ci species 
remain unclear (Ohnishi et al., 2010). While overexpression lines of LCI1 also 
showed higher Ci accumulation at alkaline pH, recent data indicated that the co-
expression of LCI1 and LCIA, a component of HCO3– uptake system in the 
chloroplast envelope, failed to improve Ci affinity at pH 7.8 and pH 9, although 
LCI1 appears to form a complex with HLA3 that function in parallel with LCIA 
(Yamano et al., 2015; Mackinder et al., 2017). On top of everything, the role of 
LCI1 in different CO2 acclimation states has not been investigated and is still 
unclear.  
In this chapter we report the characterization of LCI1 single mutant to further 
explore the role of LCI1 in Ci uptake of Chlamydomonas.  
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2. Materials and Methods 
2.1. Strains and culture conditions 
Wild-type strain of Chlamydomonas reinhardtii, 21gr mt+ (CC-1690), was 
obtained from the Chlamydomonas culture center, Duke University, Durham, NC, 
USA. The mutant of LCI1, lci1 cw15 mt– (LMJ.RY0402.191570; lci1-570 ), and its 
wild-type progenitor, cw15 mt– (CC-4533), were acquired from the collection of 
indexed mutants in Chlamydomonas Library Project (Li et al., 2016). The LCIA 
mutant, lcia-10B mt+, was generated from seven times backcrossing of an lcia90 
mt+ (CC-5067) (Wang and Spalding, 2014) to a wild-type 21gr mt– (CC-5370), with 
screening for the lcia mutant allele in each generation. The LCIB mutant, pmp1-
2137 mt+ (CC-5378), was isolated from seven times backcrossing of the original 
pmp1 mutant, 16-5k mt– (CC-4676) (Spalding et al., 1983), to a wild-type 2137 
(CC-3269), with screening for the lcib mutant allele in each generation. The cia5 
mutant (CC-2702) was a gift from Donald P. Weeks (University of Nebraska, 
Lincoln, NE).  
Gas conditions used in this study are: high CO2 (5% CO2 [v/v]), low CO2 
(normal air ~0.04% CO2 [v/v]) and very low CO2 (<0.01% CO2 [v/v]). The gas 
conditions were achieved as previously described (Wang and Spalding, 2006). All 
strains were regularly maintained on solid Tris-acetate-phosphate (TAP) medium 
(Gorman and Levine, 1965) and grown at room temperature in high CO2 chamber 
under low light.  
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2.2. PCR procedure 
Genomic DNA was extracted in 50 µL of 5% (w/v) Chelex (#142-1253, Bio-
Rad) (Cao et al., 2009). The mixture was placed on thermocycler at 100°C for 10 
minutes followed by 3 minutes in 4°C. One microliter of genomic DNA was used in 
25 µL PCR reaction and PCR was carried out using GoTaq green mastermix 
(Promega). 
2.3. Western-blot 
Total protein was isolated from very low CO2 induced cells. Harvested cells 
were directly suspended in a protein lysis buffer consisting of 10 mM Tris-HCl pH 
7.5, 1 mM EDTA, 10 mM NaCl, 1X pierce protease inhibitor mini tablet (#88665; 
ThermoScientific) and 1X SDS-PAGE buffer containing 2-merchaptoethanol. The 
mixture was heated at 80-90°C for 5 minutes and centrifuged at maximum speed. 
The supernatant containing approximately 2 ng of chlorophyll was subjected to 
12% (v/v) SDS-polyacrylamide gel electrophoresis. Immunoblotting with specific 
antibodies was used for detection of specific proteins, and signal detection was 
carried out using chemiluminescence (SuperSignal Wester Pico; 
ThermoScientific).  
LCI1 antibody was a gift from James V. Moroney (Louisiana State 
University). CAH1 polyclonal antiserum was produced in rabbits using purified 
recombinant CAH1 protein (Roberts and Spalding, 1995). LCIB antibody was 
raised in rabbits using purified LCIB protein (Duanmu et al., 2009b).  
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2.4. Growth spot tests 
Fresh growing cells from agar plates were suspended in liquid minimal 
medium, pH 7.3, and the number of cells was counted using a hemocytometer. 
Series of dilutions were performed to achieve the desired concentration, and the 
cells were spotted in three replica plates of agar minimal medium at pH 6 (20 mM 
MES-KOH), pH 7.3 (20 mM MOPS-Tris) and pH 9 (20 mM AMPSO-KOH). Spotted 
plates of each pH were grown under high CO2, low CO2 and very low CO2 
conditions for 7 to 10 days.  
2.5. Genetic crosses 
Genetic crosses were performed according to Harris et al. (2009). Parental 
strains of opposite mating types from TAP-agar plate were transferred to 20 ml 
liquid TAP-free-nitrogen medium and grown overnight under high light in 5% CO2. 
A mixture containing 3 ml of each parental strain was left undisturbed in 10 ml 
sterile flask under high light in room temperature for one hour. The mixture of 250 
µL was plated on 4% TAP agar and left overnight under high light, followed by 7 
days incubation in the dark. After 7 days, the vegetative cells were removed using 
sterile scalpel and the plate was incubated in 5% CO2 under light until zygote 
colonies appeared. Individual zygote colonies were streaked in a TAP medium to 
isolate single colonies. Four single colonies from each individual zygote were then 
grown under relevant medium for screening purposes i.e., TAP+paromoycin plate 
to screen for an lci1 mutation and minimal medium plate grown in high CO2, low 
CO2 and very low CO2 conditions to screen for an lcib mutation.  
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2.6. Photosynthetic O2 evolution measurement 
Cells used in O2 evolution measurement were grown in a liquid minimal 
medium, pH 7.3 (20 mM Tris-HCl), at high CO2 (5% CO2 [v/v]) until late log phase, 
followed by acclimation to a very low CO2 condition by constant bubbling with very 
low CO2 gas (<0.01% [v/v]) for at least 20 hours. To create very low CO2 gas, 
normal air was passed through a saturated sodium hydroxide solution and the 
output gas was constantly monitored using a CO2 analyzer (Qubit S151). Induced 
cells were harvested with centrifugation (1000 g) at room temperature for 5 
minutes and diluted with N2-saturated buffers to a final chlorophyll concentration 
of 20 µg ml-1, and 4 ml of cells was used for O2 evolution assay. The buffers used 
in this experiment were 25 mM MES-KOH (pH 6), 25 mM MOPS-Tris pH (7.3) and 
25 mM AMPSO-KOH (pH 9).  
A Clark-type oxygen electrode controlled by an Oxy-Lab unit (Hansatech) 
was used to measure the photosynthetic O2 evolution rates at 25°C. Prior to the 
O2 evolution assay, cells were illuminated with 500 µmol photon m-2 s-1 until all Ci, 
external and internal, were consumed as seen by nearly zero O2 evolution rates. 
The assay was initiated by addition of various Ci concentrations, and the next 
measurement was postponed until all Ci from previous measurement were 
completely consumed as indicated by O2 evolution cessation. To prevent 
photosynthesis inhibition by high level of O2, the concentration of O2 inside the 
chamber was kept low by frequent flushing with N2 gas, especially when the O2 
concentration exceeded 200 nmol ml-1.  
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2.7. Cosegregation analysis 
To determine whether LCI1 mutation cosegregated with an apparent Vmax 
phenotype, the original lci1 mutant (LMJ.RY0402.191570) was crossed to an LCIB 
mutant, pmp1 (CC-5378), to generate the double mutant lci1-lcib (l1b). 
Subsequently, an l1b mutant was backcrossed to a 21gr (CC-1690), and fifty 
zygote colonies were selected. Each individual zygote colony was streaked on a 
TAP plate, and four single colonies from each zygote were picked for screening. 
The colonies were screened using minimal medium plate in high, low and very low 
CO2 conditions to screen for the “air-dier” phenotype, indicating a mutation in LCIB 
(Figure 2.12). The same colonies were plated on TAP agar supplemented with 10 
µg/ml paromomycin to screen for colonies bearing the LCI1 mutation linked to the 
paromomycin resistance gene. To ensure that independent progeny were picked, 
only one colony was collected from a zygote, if it had similar phenotype with 
another colony from the same zygote.  
3. Results 
3.1. LCI1 mutant insertion site validation 
LCI1 mutant, LMJ.RY0402.191570 (hereafter lci1-570), is one of the 
mutants in the collection generated by the Chlamydomonas library project (CLiP) 
using random insertional mutagenesis (Li et al., 2016). Insertion site location in the 
lci-570 strain provided by CLiP indicates that the CIB1 cassette bearing 
paromomycin resistance gene (Aph8) is inserted in the second exon of LCI1 in a 
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reverse complement orientation. However, the reported level of accuracy on the 
insertion site is only 73%, thus further validation was required.  
PCR was performed on seven single colonies isolated from the original 
culture to confirm the insertion site location. The intactness of the LCI1 locus was 
examined using three pairs of primers. As shown in Figure 2.1. , primers L1-L4 
were used to detect the section between predicted promoter region and exon 4 on 
the CDS while primers L2-L5 were utilized to identify the entire open reading frame 
of LCI1. The PCR result shows that both pairs of primers were not able to amplify 
the associated regions in lci1-570 strain, however, the amplification was successful 
in the wild-type strain (Figure 2.2 A). These data are consistent with the insertion 
site map from CLiP and show that the LCI1 locus is disrupted in lci1-570. A third 
pair of primers, L3-L5 (Figure 2.1), was able to amplify the region of exon 3 to the 
end of the open reading frame in both lci1-570 and wild-type strain (Figure 2.2 A), 
which indicated that this region is intact.  
 
Figure 2.1. Insertion site map of the Aph8 cassette in LCI1 locus based on PCR 
(Figure 2.2) and sequencing. The Aph8 cassette (red box) is inserted in the second 
exon of LCI1 in a reverse complement orientation. Forward primers are shown in 
black arrows and reverse primers are shown in blue arrows. The line at the bottom 
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and at the top displays the size of the DNA fragment in kilobases; solid lines 
represent the regions of the fragment that are still intact, and the dashed lines 
represent the regions that cannot be detected with PCR. 
Primers L1-P1 and L1-P2 were employed to isolate the cassette-genome 
junction at the 5’end of LCI1. As shown in Figure 2.1, forward primer L1 was 
designed to bind the putative promoter region of LCI1. Reverse primer P1 will bind 
to the CDS of Aph8 gene, and the second reverse primer, P2, will bind to the 
promoter region in the cassette. Both primers L1-P1 and L1-P2 were able to obtain 
5’ cassette-genome junction in lci1-570 strain and no products were detected in 
wild-type strain (Figure 2.2 B). The sequence of the PCR product amplified from 
primers L1-P2 revealed that the cassette is inserted at 20 bases downstream of 
ATG in exon 2 in a reverse orientation relative to the direction of LCI1 gene. 
Approximately, 85% of the inserted cassette was able to be amplified, including 
the internal bar code sequence located at the 3’ end of the cassette. In addition, 
the internal barcode sequence in the PCR product completely matched the 
sequence data from CLiP. To try to detect the cassette-genome junction at the 3’ 
end of LCI1, primers P3-L4 were used. Forward primer P3 will bind to the promoter 
region of the cassette and reverse primer L4, will bind to the exon 4 of LCI1. This 
pair of primers was unable to amplify the flanking sequence at the 3’ end of LCI1 
(Figure 2.2 B), presumably due to the presence of complex or large insertions 
which are typically found in CLiP mutants (Li et al., 2016).  Figure 2.1 summarizes 
the details of the insertion site in lci1 mutant, based on the PCR results. 
To determine whether the mutation in LCI1 cosegregated with the inserted 
cassette, the lci1-570 strain was crossed to the wild type, 21gr, and paromomycin 
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resistant progeny were selected. All progeny resistant to paromomycin contain an 
insertion in the LCI1 locus. 
 
Figure 2.2. Validation of the insertion site in the lci1-570 strain with PCR. A) 
Amplification of LCI1 locus. Primers L1-L4 were used to detect the region between 
putative promoter and exon 4. Primers L2-L4 were used to identify the entire open 
reading frame and primers L3-L5 were utilized to amplify the region between exon 
3 and exon 5. B) Amplification of the flanking regions. The cassette genome 
junction at 5’ end of LCI1 were amplified with primers L1-P1 and L1-P2. Primers 
P3-L4 were employed to detect the cassette genome junction at the 3’ end of LCI1. 
PCR was performed on seven single colonies, and all colonies showed identical 
results. This figure represents the results from one colony.  
3.2. Western immunoblot and growth of lci1 
The absence of the LCI1 protein in very low CO2 acclimated cells of lci1-
570 was confirmed with western immunoblot, which demonstrated that the 
insertion of Aph8 cassette completely abolished the expression of LCI1 protein 
(Figure 2.3). Since LCI1 and CAH1 expression are co-regulated by LCR1, a Myb-
DNA binding transcription factor (Yoshioka et al., 2004), we also investigated the 
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expression of CAH1 in lci1-570. Western immunoblot with CAH1 antibody 
indicated that CAH1 is expressed in the lci1-570 strain.  
 
Figure 2.3. Western immunoblot of lci1-570 mutants with LCI1-specific and CAH1-
specific antibodies. Lci1-570-1 to lci1-570-4 are four single colonies isolated from 
the original lci1 culture, LMJ.RY0402.191570.  
We closely analyzed the growth of lci1 in three CO2 concentrations range: 
5% CO2 (high CO2), 0.04% CO2 (low CO2), and <0.01% CO2 (very low CO2) at pH 
6, pH 7.3 and pH 9, in order to understand the impact of LCI1 mutation in multiple 
CO2 acclimation states. In all tested conditions, the mutation in LCI1 showed no 
significant consequence on the growth (Figure 2.4).  
3.3. Photosynthesis in lci1  
The impact of the LCI1 mutation on Ci-dependent photosynthesis was 
evaluated by assessing the photosynthetic O2 evolution at pH 6, pH 7.3 and pH 9 
using very low CO2 acclimated cells of wild-type 21gr, and lci1-A22. The lci1-A22 
strain (hereafter lci1) is a walled progeny generated from a cross between an lci1-




Figure 2.4. Spot test of lci1 mutant colonies. All strains were grown on minimal 
medium plate at pH 6, pH 7.3 and pH 9, in different CO2 concentrations: high CO2 
(5%), low CO2 (air level: ~0.04%) and very low CO2 (0.01%). Cw15 is a wild-type 
strain used in this experiment that grows in all CO2 conditions. Pmp1 is an LCIB 
mutant that dies in air level but grows in high CO2 and very low CO2 range. Cia5 
is a mutant strain that grows in high and low CO2 but cannot survive in very low 
CO2 range. The name of each mutant is in bold and inside the bracket is the mutant 
gene. Lci1-570-1 and lci1-570-2 are two different single colonies isolated from the 
original lci1 culture, LMJ.RY0402.191570. 
3.3.1. Photosynthesis in pH 6 and pH 7.3 
Distinctive responses of lci1 photosynthetic O2 evolution were observed at 
pH 6 and pH 7.3. At pH 6, where CO2 relative abundance is higher than HCO3–, 
photosynthetic O2 evolution of lci1 appears similar to that of the wild type at 1.5 to 
9 µM Ci (Figure 2.5 C). In contrast, at pH 7.3, where HCO3– is the dominant Ci 
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species, O2 evolution rates of lci1 were identical to those of the wild type, at 10 to 
30 µM Ci (Figure 2.5 F). In addition, a decreased photosynthetic O2 evolution in 
lci1 relative to that of wild type was observed at different Ci concentrations in both 
pHs. Decreased O2 evolution rates in lci1 occur at 10 to 200 µM Ci in pH 6 (Figure 
2.5 A and B), but, in pH 7.3, lower O2 evolution rates are not observed until much 
higher Ci concentrations, e.g., at 50 to 2000 µM Ci (Figure 2.5 D and E). These 
different O2 evolution responses of lci1 in the two pHs indicate that the function of 
LCI1 is Ci species dependent, and where the decrease in photosynthesis appears 
more sensitive in the lower pH where CO2 is dominant, which is similar to the 
functional response of LCIB. The analysis of Ci-dependent photosynthesis in ad1, 
an LCIB mutant allele, showed that the function of LCIB is Ci species dependent 
due to the difference in O2 evolution responses at pH 6 and pH 7.3 (Wang and 
Spalding, 2014).  
To further evaluate the impact of different Ci species (CO2 and HCO3–) on 
the photosynthesis of lci1, O2 evolution rates of wild type and lci1 were plotted as 
a function of calculated CO2 or HCO3– concentrations. The inhibition of O2 
evolution in lci1 occurs at the same CO2 concentration range at both pHs (Figure 
2.6), rather than in HCO3– or total Ci concentration range (Figure 2.5 and Figure 
2.7). As seen in Figure 2.6, in pH 6, the decreased O2 evolution was observed at 
7–139 µM CO2 and at 5–200 µM CO2 in pH 7.3. The CO2 concentration range 
where the decreased O2 evolution occurred corresponds to the upper level of the 
very low CO2 (5–10 µM CO2) and extending into the low CO2 range (10–165 µM 
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CO2). Below 5 µM CO2, which aligns with the very low CO2 range, photosynthetic 
rates of lci1 were very similar to those of the wild type (Figure 2.6 C and F).  
 
Figure 2.5. Photosynthetic O2 evolution of lci1 (red circles) and wild-type 21gr 
(black squares) plotted against total Ci at pH 6 (unfilled symbols, A–C) and at pH 
7.3 (filled symbols, D–F). The O2 evolution rates in both pHs are presented in three 
Ci concentration ranges: All tested Ci concentrations (A and D), 0–250 µM Ci (B 
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and E), and 0–70 µM Ci (C and F). The addition of bovine CA during measurement 
did not alter the photosynthetic rates, thus bovine CA was not included in this 
assay. To obtain each data point, the mean of three replicates from at least two 
independent cultures was used. The ratio of SD (n = 3) to the mean is less than 
7.5 % for all data points. Multiple t-test was used to estimate the significance 
difference between wild type and lci1 strain. The lci1 exhibited significant decrease 
in photosynthesis between 10.5–200 µM and 50–2000 µM Ci at pH 6 and pH 7.3, 
respectively (P ≤ 0.01). The maximum photosynthetic rates (μM O2.mg Chl-1.hour-
1 ± SD) measured at 4000 µM Ci are as follows: at pH 6,  128 ± 4 (21gr), 112 ± 1 
(lci1) and at pH 7.3, 127 ± 1(21gr), 102 ± 2 (lci1). GraphPad Prism 7 was used to 
create all graphs, calculations and statistical analysis.  
Physiological studies of ad1 at pH 6 and pH 7.3 have already shown that 
the absence of LCIB significantly inhibits the photosynthetic O2 evolution rate and, 
regardless of pH, the inhibition occurred at the same CO2 concentration, which 
aligns with the low CO2 acclimation state (Wang and Spalding, 2014). This result 
is still consistent with our new observations in pmp1, where severe inhibition of O2 
evolution was seen at approximately 8–20 µM CO2 at both pH 6 and pH 7.3 (Figure 
2.8). O2 evolution in pmp1 progressively increased above 20 µM CO2 and reached 
wild-type level at 140 µM CO2 in pH 6 and exceeded wild-type rates at 200 µm 
CO2 in pH 7.3. In contrast to pmp1, in both pHs above 20 µm CO2, the O2 evolution 
rates in lci1 are relatively unchanged and remain lower relative to those of the wild 
type, although it is still higher than that of the pmp1 mutant (Figure 2.8).  
To further investigate this response, the uncompensated contribution of 
LCI1 and LCIB in photosynthetic O2 evolution of wild type was calculated and 
plotted as a function of CO2 (Figure 2.9). The uncompensated contribution of LCI1 
or LCIB represents the difference of photosynthetic O2 evolution between lci1 or 
pmp1 and wild type. At pH 6 and pH 7.3, between 5–20 µM CO2, LCI1 
uncompensated contribution is generally steady compared to LCIB 
uncompensated contribution, which progressively increased over the same CO2 
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range (Figure 2.9 B and D). Furthermore, when the percent of LCI1 and LCIB 
uncompensated contributions in the photosynthesis of wild type was calculated 
(Figure 2.10), it appears that in both pHs between 5–20 µM CO2, LCI1 contributed 
to approximately 15–18 % of the photosynthetic rate, whereas, over the same CO2 
concentration range, the percentage of LCIB contribution gradually increased from 
approximately 10 % to a peak of approximately 55% at pH 6 and 45% at pH 7.3 
(Figure 2.10 B and D). This observation is consistent with the role of LCIB in CO2 
uptake in ambient CO2 level. Above 20 µM CO2, where the percentage of LCIB 
uncompensated contribution gradually declined, interestingly, the percentage of 
LCI1 uncompensated contribution remained constant at approximately 20% in 
both pH 6 and pH 7.3 (Figure 2.10 A and C). At 100 µM CO2 in pH 6, the 
uncompensated contribution of LCIB declined almost to the level of LCI1 and was 
lower than the LCI1 uncompensated contribution at 138 µM CO2. Meanwhile, at 
pH 7.3, the uncompensated contribution of LCIB decreased to the level of LCI1 at 
about 50 µM CO2, and above 100 µM CO2, LCIB uncompensated contribution was 
lower than that of LCI1 (Figure 2.9 and Figure 2.10).  
The comparison of lci1 and pmp1 O2 evolution, as well as LCI1- and LCIB-
uncompensated contributions, suggests that LCI1 may be involved in Ci uptake in 
the low CO2 range, especially above 20 µM CO2, and that LCI1 seems to make 




Figure 2.6. Photosynthetic O2 evolution of lci1 (red circles) and wild-type 21gr 
(black squares) plotted against calculated CO2 concentrations at pH 6 (unfilled 
symbols, A–C) and at pH 7.3 (filled symbols, D–F). CO2 concentrations were 
calculated from total Ci concentrations in Figure 2.5 with the assumption that CO2 
and HCO3– are in the equilibrium due to the activity of carbonic anhydrase, CAH1, 
in the periplasmic space. The O2 evolution rates in both pHs are presented in three 
CO2 concentrations range:  All calculated CO2 concentrations (A and D), 0–60 µM 
CO2 (B and E), and 0–15 µM CO2 (C and F). To obtain each data point, the average 
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of three replicates from at least two independent cultures were used. The lci1 
exhibited significant decrease in photosynthesis between 7–139 µM CO2 and 5–
200 µM CO2 at pH 6 and pH 7.3, respectively (P ≤ 0.01). The experimental 
conditions, the statistics, and the profile of maximum photosynthetic rates are 
identical to that of Figure 2.5. 
 
Figure 2.7. Photosynthetic O2 evolution of lci1 (red circles) and wild-type 21gr 
(black squares) plotted against calculated HCO3– concentrations at pH 6 (unfilled 
symbols, A–C) and at pH 7.3 (filled symbols, D–F). HCO3– concentrations were 
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calculated from total Ci concentrations in Figure 2.5 with the assumption that and 
HCO3– and CO2 are in the equilibrium. The rates of O2 evolution in both pHs are 
presented in three HCO3– concentrations range:  All calculated HCO3– 
concentrations (A and D), 0–200 µM HCO3– (B and E), and 0–60 µM HCO3– (C 
and F). The lci1 exhibited significant decrease in photosynthesis between 3–61 µM 
HCO3– and 45–1798 µM HCO3– at pH 6 and pH 7.3, respectively (P ≤ 0.01). The 
experimental conditions, the statistics, and the profile of maximum photosynthetic 
rates are identical to that of Figure 2.5. 
 
Figure 2.8. The comparison of photosynthetic O2 evolution activity in wild-type 21gr 
(black squares), lci1 (red circles), and pmp1 (blue triangles) plotted against 
calculated CO2 at pH 6 (unfilled symbols, A and B) and pH 7.3 (filled symbols, C 
and D). The O2 evolution rates are presented in two CO2 concentrations range: All 
calculated CO2 concentrations (A and C), 0–60 µM CO2 (B and D). CO2 
concentrations were calculated from total Ci with the assumption that Ci species 
were present in the equilibrium. Each data point represents the average of three 
replicates from at least two independent cultures. The ratio of SD (n = 3) to the 
average is less than 8 % for all points. Estimation of significance difference 
between strains were performed with multiple t-test. The O2 evolution of lci1 was 
significantly lower than the wild type at ≥ 7 µM CO2 in pH 6 and at ≥ 5 µM CO2 in 
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pH 7.3; significant decrease of O2 evolution in pmp1 occurred between 5–100 µM 
CO2 at both pHs (P ≤ 0.01). The maximum photosynthetic rates (μM O2.mg Chl-
1.hour-1± SD) measured at 4000 µM Ci are as follows: at pH 6, 128 ± 4 (21gr), 112 
± 1 (lci1), 133 ± 4 (pmp1) and at pH 7.3, 127 ± 1 (21gr), 102 ± 2 (lci1), 143 ± 1 
(pmp1). All graphs, calculations and statistical analysis were generated with 
GraphPad Prism 7. The experimental conditions are identical to that of Figure 2.5.  
 
Figure 2.9. The uncompensated contribution of LCI1 (blue symbols) and the 
uncompensated contribution of LCIB (black symbols) in the photosynthesis of wild-
type 21gr at pH 6 (A, B) and pH 7.3 (C, D). In each pH, the activities are plotted as 
a function of calculated CO2 concentrations assuming that CO2 and HCO3– are in 
equilibrium. A and C represents the activities in CO2 concentration of 0–250 µM. 
B and D shows the activities in 0–60 µM CO2. The uncompensated contribution of 
LCI1 and of LCIB were calculated by subtracting the O2 evolution rates of lci1 and 
pmp1 from 21gr obtained from the data in Figure 2.8, and expressed in µM O2 per 
milligram chlorophyll per hour.  
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The maximum photosynthetic rate (Vmax) of lci1 measured at 4000 µM Ci 
was decreased by approximately 20% relative to the wild-type rate at both pH 6 
and pH 7.3. To determine whether the decreased Vmax in lci1 cannot be attributed 
to other factors, such as strain genetic background, we also measured the Vmax 
of lci1-570, which has primarily a cw15 genetic background, and lci1-C, which is 
the product of two backcrosses of lci1-570 against 21gr. These two lci1 lines also 
show a decreased Vmax at both pH 6 and pH 7.3 (Figure 2.11). To determine 
whether this lower Vmax is linked to the mutation in LCI1, we performed genetic 
crosses to test the cosegregation of the LCI1 mutation with the decreased Vmax 
phenotype. This approach was taken because lci1 lacks a lethal growth phenotype 
in all tested conditions, thus preventing direct selection to obtain complemented 
lines bearing a wild-type copy of LCI1. We also generated complemented lines 
using antibiotic selection. However, the quantity of LCI1 protein expressed in these 
lines was extremely low, so the impact of the introduced wild-type copy of LCI1 on 
the maximum photosynthetic rate could not be assessed.  
Cosegregation of the LCI1 mutation with the decreased Vmax phenotype 
was analyzed in progeny generated from crossing of the double mutant lci1-lcib 
(l1b) with the wild type, 21gr. As seen in Figure 2.12, progeny containing the 
mutant lci1 allele in a wild-type background were identified based on their 
resistance to paromomycin, which is closely linked to the lci1 mutant allele, in 
combination with the absence of an “air-dier” phenotype (growth in air-level CO2), 
which indicates the presence of the wild-type LCIB. Wild-type progeny, on the 
other hand, were selected based on their sensitivity to paromomycin in 
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combination with growth on air level of CO2, showing they retain the wild-type LCI1 
allele as well as a wild-type LCIB gene. The genotype and protein expression in 
lci1 and wild-type progeny were confirmed by PCR and western immunoblot 
(Figure 2.13)  
 
Figure 2.10. The percentage of LCI1 uncompensated contribution (blue symbols) 
and LCIB uncompensated contribution (black symbols) in the photosynthesis of 
wild-type 21gr at pH 6 (A, B) and pH 7.3 (C, D) plotted as a function of CO2 
concentrations assuming that CO2 and HCO3– are in equilibrium. The percentages 
at 0–250 µM CO2 are shown in A and C; the percentages at 0–60 µM CO2 are 
depicted in B and D.  
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Figure 2.11. Maximum photosynthetic rate (Vmax) of lci1 measured at 4000 µM Ci 
in different background strains at pH 6 (A) and pH 7.3 (B). Cw15 and 21gr are wild-
type strain, lci1-570 is the original LCI1 mutant (LMJ.RY0402.191570), lci1 is the 
progeny of one time crossed between an lci1-570 and a 21gr, and an lci1-C is the 
progeny from two times backcrossed of an lci1 and a 21gr. Each bar represents 
the average of three technical replicates and the coefficient of variation for each 
bar is less than 5.5%. A t-test was used to assess the significance difference of 
Vmax between each strain. All lci1 progeny showed significant Vmax decreased 
compare to the wild types (P ≤ 0.05). The graphs and statistical analysis were 
created using GraphPad Prism 7.  
 
Figure 2.12. The example of screening plates to identify lci1 and wild-type progeny. 
Gas conditions are: high CO2 (5%), low CO2 (air level: ~0.04%) and very low CO2 
(≤0.01%). Strain names are in bold and mutant genotypes are in brackets. Wild-
type 21gr and lci1-lcib double mutant (l1b) are the parental strains; lci1 is a lci1 
single mutant; cia5 is a classic CCM mutant lethal in very low CO2 but viable in low 
and high CO2 ranges; pmp1 is an LCIB mutant lethal in air level but viable in high 
and very low CO2. Minimal medium was used to screen for the “air-dier” phenotype 
and TAP medium supplemented with paromomycin was used to screen for 
paromomycin resistance progeny bearing the lci1 mutant allele. 
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As seen in Figure 2.14 A, all lci1 independent progeny exhibit significantly 
decreased Vmax relative to the wild type, 21gr, at pH 6. On average, the Vmax in 
lci1-containing progeny was about 25% lower than 21gr, with the smallest and 
largest decreases seen in progeny D19 and D10, respectively. In contrast, most of 
the wild-type progeny showed similar or higher Vmax compared to the wild-type 
control, 21gr. A similar relationship was also observed when the photosynthetic O2 
evolution rates were measured at 100 µM Ci (V100), as shown in Figure 2.14 B. 
In contrast to the wild-type progeny that showed O2 evolution similar to or higher 
than the wild-type control, 21gr, all progeny bearing the lci1 mutation showed 
decreased V100 relative to 21gr. These results are consistent with the 
photosynthetic O2 evolution profile of lci1 at pH 6 (Figure 2.5 B). The profile of 
photosynthesis in lci1 and wild-type progeny at pH 6 demonstrated that the 
decreased Vmax and decreased V100 both cosegregate with the LCI1 mutation.  
3.3.2. Photosynthesis in pH 9 
To evaluate the effect of HCO3– on photosynthesis in the absence of LCI1, 
Ci dependent O2 evolution in lci1 was evaluated in pH 9, where the ratio of HCO3– 
to CO2 is 447:1. As seen in Figure 2.15 A, there is no significant difference in O2 
evolution rates between lci1 and wild type at pH 9. In contrast, lcia showed a 
significant decrease in the O2 evolution rates at pH 9, which is consistent with the 
previous observation (Wang and Spalding, 2014) and conclusion that LCIA is 
involved in HCO3– uptake. Furthermore, Km (Ci) of lci1 at pH 9 is identical to that 
of the 21gr. By contrast, the lcia mutant shows a significant increase of Km (Ci) 
(Figure 2.15 B) which agrees with the previous observation (Yamano et al., 2015). 
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Figure 2.13. PCR and western immunoblot of lci1 progeny (A) and wild-type 
progeny (B) to confirm the genotype and phenotype of each progeny generated 
from a cross between a 21gr and an l1b (lci1-lcib double mutant).  
To further evaluate the impact of HCO3– on the photosynthesis of lci1, the 
O2 evolution rates at pH 7.3 and pH 9 were compared and plotted against HCO3– 
concentrations. As seen in Figure 2.16, it is obvious that within the same HCO3– 
concentration range, the absence of LCI1 has more substantial impact on the O2 
evolution rates at pH 7.3 than at pH 9. When the uncompensated contributions of 
LCI1-mediated Ci uptake at pH 7.3 and pH 9 were plotted against HCO3– 
concentrations (Figure 2.17), it is clear that LCI1 uncompensated contribution at 
pH 9 is lower than that of pH 7.3. Although the percentage of LCI1 uncompensated 
contribution to photosynthesis of wild type at pH 9 in 50 and 100 µM HCO3– is 
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higher than at pH 7.3, as the concentration of HCO3– increases, the percentage of 
LCI1 uncompensated contribution at pH 9 significantly declines. In contrast, the 
percentage of LCI1 uncompensated contribution in wild type at pH 7.3 remains 
steady above 200 µM HCO3– (Figure 2.17 B).  
 
Figure 2.14. Photosynthetic activity of lci1 and wild-type progeny at pH 6. The 
progeny were collected from a cross between strain l1b (lci1-lcib double mutant) 
and wild-type 21gr. A). Maximum photosynthetic rates measured at 4000 µM Ci 
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(Vmax). B). Photosynthetic O2 evolution rates at 100 µM Ci (V100). Each bar graph 
in A and B is presented as a percentage of the rates in wild-type 21gr and is an 
average of at least three replicates. Dark green bars are the rates of wild-type 21gr, 
light green and light pink bars are the rates in lci1 and wild-type progeny, 
respectively. Dark red bars represent the photosynthetic rates of three lci1 progeny 
from different crosses as described in Figure 9. The coefficient of variation (% CV) 
in each bar graph is less than 10%. ANOVA and multiple comparisons were used 
to determine the significance difference between 21gr and each progeny. The star 
above each bar indicates differences with statistical significance (P ≤ 0.01). All lci1 
progeny exhibited lower Vmax and V100 than those of 21gr.  
 
Figure 2.15. Comparison of photosynthetic activity between wild-type 21gr, lci1 
and lcia at pH 9. A). Ci dependent O2 evolution of 21gr (blue squares), lci1 (red 
circles), and lcia (blue triangles). Each data point represents the average of three 
replicates from at least 2 independent cultures. The coefficient of variation for most 
data points is less than 7.7%, except for the first data points in lci1 and lcia, where 
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the coefficient of variation is 13.6% and 12.4 %, respectively. The maximum 
photosynthetic rates (μM O2.mg Chl-1.hour-1± SD) measured at 4000 µM Ci are as 
follows: 21gr (113 ± 3), lci1 (101 ± 3), lcia (102 ± 3). B). The Km of 21gr, lci1 and 
lcia-10B measured at 4000 µM Ci. The values of Km (Ci) in µM ± SD are as follows: 
217 ± 23 (21gr, n = 3); 255 ± 34 (lci1, n = 4); 823 ± 15 (lcia, n = 3) 
 
Figure 2.16. Photosynthetic O2 evolution in 21gr (squares) and lci1 (circles) at pH 
7.3 (A) and at pH 9 (B) plotted as a function of the calculated HCO3– 
concentrations. HCO3– concentrations are calculated from total Ci concentrations 
shown in Figure 2.5 for pH 7.3 and Figure 2.9 A for pH 9, assuming that HCO3– 
and CO2 are in equilibrium.  
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Figure 2.17. Uncompensated contributions of LCI1 to photosynthesis of wild-type 
21gr at pH 7.3 (unfilled symbols) and at pH 9 (filled symbols). The uncompensated 
contribution of LCI1 at any specific point was calculated by subtracting the O2 
evolution rate of lci1 from 21gr, and the LCI1 uncompensated contribution is 
expressed in µM O2 per milligram chlorophyll per hour (A, squares) and as a 
percent of the total O2 evolution rate in 21gr (B, triangles). The O2 evolution data 




One of the major constraints for photosynthesis in the current atmospheric 
CO2 level is the kinetic inadequacy of Rubisco, the key enzyme in CO2 
assimilation. Because Rubisco’s CO2 affinity and catalytic turnover rate are both 
low, more CO2—relative to the ambient CO2 level—is required to suppress 
Rubisco’s oxygenation activity and to increase its carboxylation rate. Thus, many 
photosynthetic organisms developed a CCM to increase the CO2 concentration 
available to the Rubisco active site. In Chlamydomonas the CCM operation is 
driven by active Ci (CO2 and HCO3–) uptake that involves several key components: 
HCO3– transport across membranes and active CO2 uptake are critical 
mechanisms that sustain a higher intracellular Ci pool in the chloroplast stroma; 
the presence of carbonic anhydrases (CAs) catalyze the interconversion of Ci 
species in various cellular compartments; and CO2 leakage from the chloroplast 
also is controlled. Physiological and genetic evidence have demonstrated that 
multiple CO2 acclimation states are present in Chlamydomonas: a high CO2 
(>0.5% or >165 µM), a low CO2 (0.5–0.03% or 165–10 µM) and a very low CO2 (≤ 
0.01% or ≤ 5 µM CO2) acclimation state (Van et al., 2001; Vance and Spalding, 
2005). Under limiting CO2 conditions (low and very low CO2 ranges), the CCM is 
induced, and Rubisco is localized almost exclusively within the pyrenoid, a specific 
microcompartment in the chloroplast. Furthermore, it has been confirmed that 
various CCM components associated with active Ci uptake make distinct 
contributions in low versus very low CO2 acclimation states.   
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Although many genes encoding CAs and putative Ci transporters have been 
identified and the localization for many of them are known (Wang et al., 2015), the 
precise function of each in the CCM remains elusive. Thus far, through genetic 
and physiological studies, only two plasma-membrane-located proteins, HLA3 and 
LCI1, have been shown to make direct contributions to Ci uptake in 
Chlamydomonas. In the very low CO2 acclimation state, HLA3 works cooperatively 
with a chloroplast envelope protein, LCIA, to transport HCO3– (Duanmu et al., 
2009a; Gao et al., 2015; Yamano et al., 2015). On the other hand, although the 
conditional expression of LCI1 in lcr1 mutant has been shown to increase 
photosynthetic activity, it is still unclear whether LCI1 is involved in CO2 uptake or 
HCO3– transport. Furthermore, the role of LCI1 in different CO2 acclimation states 
remains obscure (Ohnishi et al., 2010). Here we present a characterization of an 
LCI1 single mutant that enables us to further delineate the role of LCI1 in the CCM.  
The impact of the LCI1 mutation by itself is fairly subtle, which is not 
surprising even if LCI1 plays a very substantial role in Ci uptake and transport. 
Mutations in other key Ci transport components, including LCIA in 
Chlamydomonas (Wang and Spalding, 2014; Yamano et al., 2015) and HCO3- 
transporters and active CO2 uptake mediators in cyanobacteria (reviewed by Price 
et al., 2007), also reportedly exhibit little or no phenotype unless combined with 
additional mutations. This is because other transport components are able to 
compensate for or mask their absence, so the true importance of these 
components have only been revealed in combination with mutations in other, 
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compensating transport and active uptake components (Shibata et al., 2002; Wang 
and Spalding, 2014).  
In the absence of LCI1, there is no obvious growth defect under any tested 
condition. However, despite exhibiting normal growth, photosynthetic O2 evolution 
of lci1 displays a moderate decrease at both pH 6 and pH 7.3 but appears relatively 
normal at pH 9. The observed decrease in photosynthetic O2 evolution of lci1 at 
pH 6 and pH 7.3 indicates that LCI1 does contribute to photosynthetic CO2 
assimilation under these conditions. These results also are consistent with 
previously reports, in which conditional expression of LCI1 in the lcr1 strain, which 
lacks expression of multiple genes, including LCI1, increased Ci uptake and 
photosynthesis at pH 6 and pH 7 (Ohnishi et al., 2010).  
Interestingly, the decreases in lci1 O2 evolution at pH 6 and pH 7.3 appear 
to respond to CO2 rather than HCO3– and occur in concentration ranges that 
appear parallel to those where decreases are seen in lcib mutants. The Ci 
concentration range above which decreased O2 evolution rates occurred in lci1 at 
each pH, above 9 µM Ci in pH 6 and above 50 µM Ci at pH 7.3, fall in a similar 
CO2 concentration range: >7 µM at pH 6 and >5 µM at pH 7.3. So, at either pH, 
lci1 O2 evolution rates begin to decrease in the upper range of the very low CO2 
acclimation state, where Ci-dependent O2 evolution of the lcib mutant, ad1, also 
begins to decline (~6 µM CO2) (Wang and Spalding, 2014). Also, the decreased 
O2 evolution of lci1 continues through air-level CO2, the lower range of the low CO2 
acclimation state, in which the “air-dier” growth phenotype in lcib mutants (ad1 and 
pmp1) is observed and where severe inhibition of ad1 O2 evolution rates was seen 
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(10-18 µM CO2) (Spalding et al., 1983; Van et al., 2001; Wang and Spalding, 2006, 
2014). However, unlike the decreased O2 evolution observed in lcib mutants, the 
decreased O2 evolution of lci1 continues above and beyond air-level CO2, through 
the low CO2 range (18-165 µM CO2), which suggests LCI1 function does not totally 
parallel to that of LCIB.  
In general, lci1 O2 evolution rates at either pH 6 or pH 7.3 are higher than 
those of lcib mutants. However, the decreased O2 evolution in both mutants 
appears to respond to the CO2 concentration rather than to the total Ci or HCO3– 
concentration. When the O2 evolution rates of wild type, lci1, and pmp1 were 
compared and plotted against calculated CO2, it becomes clear that lci1 shows 
distinct O2 evolution characteristics specifically at >20 µM CO2 (see Figure 2.8). In 
this range, the decreased O2 evolution rates in pmp1 gradually disappear, whereas 
the lowered rates in lci1 continue. Furthermore, when the uncompensated 
contributions of LCI1 and LCIB to photosynthetic O2 evolution in the wild-type 
background were calculated and plotted against CO2 concentration (see Figure 
2.9 and Figure 2.10), it is obvious that, above 20 µM CO2, LCI1 uncompensated 
contribution remains relatively constant, whereas LCIB uncompensated 
contribution declines. These data argue that LCI1 may play a more critical role in 
Ci uptake at CO2 concentrations specifically above 20 µM CO2.  
The relatively normal photosynthesis of lci1 in very low CO2 (≤ 5 µM CO2), 
where lci1 O2 evolution appears similar to that of wild type at both pH 6 and pH 
7.3, may mean LCI1 does not function in this range or that other Ci uptake systems 
are able to compensate for the absence of LCI1. It has been demonstrated that an 
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LCIB-based CO2 uptake system and an HLA3-LCIA-based HCO3– uptake system 
represent two essential Ci uptake pathways that play complementary roles in the 
very low CO2 acclimation state, and the absence of either of these two pathways 
can be complemented by the presence of the other, arguing that each pathway 
can fully compensate for the loss of the other (Wang and Spalding, 2014). 
Therefore, the apparently normal photosynthesis of lci1 in very low CO2 also might 
be explained by the compensating activity of either or both of these two Ci uptake 
pathways.  
To further investigate the role of LCI1 in very low CO2 and to compare it 
with that of the HCO3– uptake component, LCIA, we analyzed the photosynthetic 
activity of lci1 at pH 9, where HCO3– abundance is approximately 447 times higher 
than CO2. Given the Ci concentrations used in these experiments, and assuming 
the Ci species are in equilibrium, the CO2 available at pH 9 would be 0.1 to 2.2 
µM, which falls in the very low CO2 range, and the available HCO3– would be 49.9 
to 497.8 µM. In these conditions, the extremely high HCO3– concentrations may 
greatly favor HCO3– transport through HLA3 and LCIA, while LCIB may function 
mainly to maintain the Ci pool in the stroma by trapping the CO2 leaking from the 
pyrenoid (Wang and Spalding, 2014). Under these conditions, the absence of LCI1 
seems to be inconsequential to photosynthetic O2 evolution. Furthermore, in the 
absence of LCI1, the Ci affinity at pH 9 appears normal, as reflected by a similar 
Km (Ci) for lci1 and wild type. These results contrast markedly with those of lcia, 
which has a Ci affinity lower than wild type and exhibits a significant decrease in 
O2 evolution rates at pH 9 (see Figure 2.15).  
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When O2 evolution rates were compared at pH 7.3 and pH 9 in lci1 as a 
function of HCO3– concentration, it was obvious that LCI1 absence impacted O2 
evolution rates at pH 7.3 more than at pH 9 (see Figure 2.16), which is inconsistent 
with LCI1 functioning in HCO3– uptake. Similarly, since the uncompensated 
contribution of LCI1-mediated Ci uptake to total O2 evolution at pH 7.3 and pH 9 
as a function of HCO3– concentration clearly shows that the LCI1 uncompensated 
contribution is lower at pH 9 than at pH 7.3, and since the percentage of LCI1 
uncompensated contribution to wild-type photosynthesis declined above 200 µM 
HCO3– at pH 9 but remained steady at pH 7.3 (see Figure 2.17), it seems unlikely 
that LCI1 mediates HCO3– uptake. If LCI1 plays a significant role in HCO3– uptake, 
the uncompensated contribution of LCI1 in pH 7.3 and pH 9 should be at least 
similar within the same HCO3– concentration range. Since the concentration of CO2 
at pH 7.3 is 44 times higher than at pH 9, the decreased lci1 O2 evolution at pH 
7.3 is more likely attributed to a defect in a CO2 uptake system than to a HCO3– 
uptake system. Even though recent interactome experiments showed that LCI1 
forms a complex with HLA3 in vitro (Mackinder et al., 2017), the insignificant 
contribution of LCI1 to HCO3– uptake seen here is consistent with previous reports 
(Yamano et al., 2015) that showed co-overexpression of LCI1 and LCIA in wild 
type was unable to increase Ci affinity at pH 7.8 and pH 9, where the relative 
abundance of HCO3– is higher than CO2.  
It does appear, since the maximum photosynthetic rate (Vmax) of lci1 is 
roughly 20% lower than wild type in both pH 6 and pH 7.3, regardless of genetic 
background, and since this decreased Vmax co-segregates with the lci1 mutation 
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in genetic crosses, that the absence of LCI1 negatively impacts photosynthesis 
under these conditions. The photosynthetic rate also is compromised in lci1, and 
in all lci1 segregants of lci1, at 100 µM CO2. These results strongly argue that LCI1 
makes a substantial contribution to photosynthesis, at least in higher CO2 
concentrations. In the absence of LCI1, the stromal Ci pool may be compromised, 
thus decreasing the supply of CO2 to Rubisco.  
The moderate decrease of photosynthesis in lci1 seems to have no 
significant consequence on the growth under limiting CO2 conditions, which is in 
contrast to lcib mutants, which cannot survive in air-level CO2. However, lcib 
mutants exhibit much lower photosynthetic rates under these conditions, up to 50% 
decrease in photosynthetic activity. Furthermore, it has been shown that multiple 
Ci uptake systems with a complementary role exist in Chlamydomonas, therefore, 
the modestly decreased photosynthesis in the absence of LCI1 could be countered 
by different Ci uptake systems, as reflected in a normal growth phenotype.  
Based on the characterization of LCI1 single mutant described here, we 
have shown that LCI1 may not play a significant Ci uptake role in very low CO2 but 
does appear to be associated with a CO2 uptake system and play a significant role 
in low CO2, especially above air-level CO2. Furthermore, LCI1 appears to not be 
associated with HLA3-LCIA-HCO3– transport system. However, a better 
understanding of the role of LCI1 in the CCM, especially its role in the low CO2 
acclimation state and its possible association with the LCIB-mediated CO2 uptake 
system or the HLA3-LCIA-HCO3– transport system, would likely be achieved from 
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investigations of LCI1 contributions to the growth and physiological characteristics 
of double mutants, such as LCI1-LCIB and LCI1-LCIA.  
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CHAPTER 3. THE ROLE OF LCI1 IN CCM  
1. Introduction 
Aquatic photosynthetic organisms play a major role in assimilating 
atmospheric CO2 into the biosphere. Rubisco, the key enzyme that catalyzes 
incorporation of CO2 into organic carbon, is known for its low turnover rate and its 
competing carboxylase and oxygenase catalytic activities. The half-saturation 
point of Rubisco’s  carboxylase activity is higher than the ambient CO2 level (Raven 
et al., 2008). In addition, the high O2/CO2 proportion in the atmosphere promotes 
oxygenase activity, which redirects the carbon cycle into the wasteful 
photorespiration pathway. Consequently, the ineffectiveness of Rubisco creates a 
major challenge for microalgal and cyanobacterial photosynthesis in the current 
atmospheric CO2 level. To contend with limited CO2 availability in aquatic 
environments, many microalgae and cyanobacteria have developed a CO2 
concentrating mechanism (CCM) that efficiently accumulates inorganic carbon (Ci) 
internally to provide an increased CO2 concentration at the site of Rubisco. Thus, 
Rubisco’s carboxylase function is enhanced, and its oxygenase activity is 
minimized. Operation of microalgal and cyanobacterial CCM shares some 
common features, such as the presence of multiple energized Ci uptake systems, 
interconversions of different Ci species (HCO3– and CO2) catalyzed by carbonic 
anhydrases (CAs), localization of Rubisco in a specific microcompartment, and 
CO2 recapture systems to prevent leakage of internal CO2.  
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The green alga, Chlamydomonas reinhardtii has served as a model 
organism to elucidate the CCM in a eukaryotic system. Chlamydomonas lives in 
diverse ecosystems ranging from CO2-enriched environments such as soil, where 
an abundant microbial community can provide a high CO2 concentration, to aquatic 
environments, where CO2 availability can be highly limited by several factors, such 
as high photosynthetic activity generated by dense photosynthetic organisms, pH 
fluctuations, and slow diffusion of CO2 in water. Thus, multiple CO2 acclimation 
states have evolved in Chlamydomonas to adapt to the diversity of natural habitats 
and the high variability of CO2 availability. At least three CO2 acclimation states 
were found in Chlamydomonas, a high CO2 (0.5–5% CO2) state, a low CO2 (0.03–
0.4% CO2) state and a very low CO2 (<0.02% CO2) state (Vance and Spalding, 
2005). Studies on the eukaryotic CCM in the past 3 to 4 decades have revealed 
significant insights into the operation of microalgal CCMs in the molecular level 
(Wang et al., 2015). In limiting CO2 conditions (low and very low CO2), the induction 
of a CCM allows active Ci uptake across the plasma membrane and the chloroplast 
envelope, resulting in significantly increased Ci accumulation (a Ci pool) in the 
stroma. The Ci pool, mostly in the form of HCO3–, is dehydrated by a lumen 
carbonic anhydrase, CAH3, to produce high CO2 concentrations in the vicinity of 
Rubisco, which is sequestered in a pyrenoid. Formation of the pyrenoid, where 
Rubisco is localized in a limiting CO2 condition, cannot prevent escape of the 
accumulated, unfixed CO2, since there is no real physical barrier between the 
pyrenoid and the bulk stroma. Therefore, the LCIB/LCIC complex within the stroma 
captures any excess CO2 generated by high CAH3 activity and converts it to 
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HCO3– into the stromal Ci pool to prevent leaked pyrenoid CO2 from escaping the 
stroma. 
In most aquatic environments, the majority of Ci exists in two forms, CO2 
and HCO3–. During acclimation to low CO2, mass spectrometric experiments 
showed that both HCO3– and CO2 were actively taken up by Chlamydomonas 
during steady state photosynthesis (Sültemeyer et al., 1989; Sültemeyer et al., 
1991). Key components in active HCO3– transport and CO2 uptake and their role 
in molecular level have recently been revealed through genetic and physiological 
studies. The involvement of two proteins, HLA3 and LCIA, has been demonstrated 
in the active uptake of HCO3– from the environment into the chloroplast. HLA3 is a 
plasma membrane protein classified as a putative ATP-binding cassette (ABC) 
type transporter in the multidrug resistance related protein (MRP) family (Gao et 
al., 2015; Yamano et al., 2015). An HLA3 insertional mutant showed that the 
absence of HLA3 caused a photosynthetic Ci affinity defect in pH 9 where HCO3– 
relative abundance is high but not in pH 6.2 and pH 7.3, which is consistent with 
similar observations using HLA3 knockdown lines (Duanmu et al., 2009a; Yamano 
et al., 2015). LCIA, on the other hand, belongs to a formate-nitrite transporter 
(FNT) family and was confirmed to be localized in the chloroplast envelope (Wang 
and Spalding, 2014a). Similar to HLA3, insertional mutants of LCIA exhibited 
normal photosynthesis in acidic and neutral pH but significantly decreased 
photosynthesis in pH 9 (Wang and Spalding, 2014a; Yamano et al., 2015). 
Cooperative work of HLA3 and LCIA to transport HCO3– was demonstrated by the 
increased Ci-dependent photosynthesis in Chlamydomonas lines expressing both 
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HLA3 and LCIA (Gao et al., 2015; Yamano et al., 2015). Furthermore, the role of 
the HLA3-LCIA HCO3– uptake system is more pronounced in very low CO2, and 
its function is inhibited in air-level CO2 (Wang and Spalding, 2014a).  
Thus far, LCIB is the only protein shown to play a significant role in active 
CO2 uptake. LCIB is localized in the chloroplast stroma, and its location changes 
from the bulk stroma to the region immediately surrounding the pyrenoid upon 
acclimation to very low CO2 (Duanmu et al., 2009b; Yamano et al., 2010; Wang 
and Spalding, 2014b). The absence of LCIB causes growth lethality in air-level 
CO2 (air-dier phenotype) and is associated with very little internal Ci accumulation 
under these conditions. However, the growth and Ci accumulation of LCIB mutants 
is normal in very low CO2 (Spalding et al., 1983a; Wang and Spalding, 2006; 
Duanmu et al., 2009b). Even though, the suppression of the air-dier phenotype in 
LCIB mutants by CAH3 mutations suggested that LCIB does not directly participate 
in CO2 transport (Duanmu et al., 2009b), recent physiological studies of LCIB 
mutant, ad1, demonstrated that LCIB is a fundamental component of active CO2 
uptake in the low CO2 range. Furthermore, study of double mutant lcia-lcib 
indicated that LCIB functions in parallel with LCIA to support Ci uptake in the very 
low CO2 range (Wang and Spalding, 2014a). Based on LCIB localization around 
the pyrenoid in very low CO2 but in the bulk stroma in low CO2, the inability of LCIB 
mutants to accumulate internal Ci in low CO2, the epistatic relation between LCIB 
and CAH3, and recent LCIB structural data (Jin et al., 2016), it has been proposed 
that LCIB serves as a CO2 recapture system that prevents CO2 leakage in the 
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pyrenoid in very low CO2 and as a primary active CO2 uptake in both very low and 
low CO2.  
In addition to HLA3, LCIA and LCIB, LCI1 is another CCM component 
proposed to act as a putative Ci transporter and demonstrated to participate in 
active Ci uptake. LCI1 is located in the plasma membrane, and its expression is 
induced in air-level CO2 (Burow et al., 1996; Ohnishi et al., 2010). Overexpression 
of LCI1 in high CO2, where the CCM is inactive, reportedly increased Ci uptake in 
a regulatory mutant, lcr1, missing expression of several CCM genes, including 
LCI1 (Ohnishi et al., 2010). As seen in LCIA and LCIB studies, it appears that 
multiple Ci uptake systems in Chlamydomonas CCM play distinct roles in low CO2 
and very low CO2. However, any LCI1 role in these acclimation states is currently 
a mystery, as is the Ci species preference of LCI1, if it is directly involved in Ci 
uptake.  
The primary aim of this study is to investigate the role of Chlamydomonas 
LCI1 in low and very low CO2 acclimation states, and to shed light on its Ci species 
preference by analyzing the impact of an LCI1 loss-of-function mutation in 
combination with LCIA and LCIB.  
2. Materials and Methods 
2.1. Strains and growth conditions 
The strains used in this study are listed in Table 1. Three gas conditions 
used in this study, high CO2 (5% CO2 [v/v]), low CO2 (normal air ~0.04% CO2 [v/v]) 
and very low CO2 (<0.01% CO2 [v/v]), were prepared as previously described 
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(Wang and Spalding, 2006). Tris-acetate-phosphate (TAP) medium (Gorman and 
Levine, 1965) was used to regularly maintain all strains.  
Table 1. List of strains  
Name used in 
this 
experiment 
Strain Genotype Description Reference 
21gr CC-1690 mt+ Wild-type strain 
obtained from the 
Chlamydomonas 












This is an original 
lci1 mutant obtained 
from the indexed 
mutant collection in 
the Chlamydomonas 
Library Project. 
(Li et al., 
2016) 
lci1 lci1-A22 lci1 mt+ Product of a cross of 
lci1-570 with wild-
type 21gr mt+ (CC-
1690).  
 









lcia lcia-10B  lcia mt+ A product of the 
lcia90 mt+ (CC-5067) 
backcrossed two 
times to wild-type 




l1b l1b-2 pmp1 lci1 
mt+ 
Product of a cross of 
lci1-570 with pmp1 
(CC-5378) 
  
l1a l1a-2 lcia lci1 
mt– 
Product of a cross of 
lci1-570 with lcia63 
mt+ (CC-5066) 







Table 1. (continued)  
Name used in 
this 
experiment 
Strain Genotype Description Reference 
lab lab-E pmp1 lcia 
mt+ 
Product of lcia90 mt+ 
(CC-5067) 
backcrossed five 
times with pmp1 
21gr mt– (CC-5375) 
 (Wang and 
Spalding, 
2014a) 
cia5  CC-2702 cia5 mt+ Mutation in CIA5, a 
CCM1 gene known 
as the master 
regulator in CCM 








The double mutant LCI1-LCIB (l1b) and LCI1-LCIA (l1a) were generated 
using genetic crosses according to Harris et al. (2009). Paromomycin plates were 
used to select for LCI1 mutation (linked to inserted paromomycin resistance 
cassette), and the mutation in LCIB was detected based on the “air-dier” 
phenotype. LCIA mutation was identified using PCR as previously described 
(Wang and Spalding, 2014a). The genotype of the double mutants was confirmed 
using western immunoblots.  
2.3. Western blots 
Total protein was isolated from 7 ml of very low CO2 liquid cultures grown 
in minimal medium. Following centrifugation (1000 g) of the cell culture, pellets 
were diluted in 1 ml lysis buffer containing 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 
10 mM NaCl, 5X cOmpleteTM Protease Inhibitor Cocktail (#11697498001; SIGMA-
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ALDRICH) and 2% (W/V) SDS. To lyse the cells, pellets were treated with 4 freeze-
thaw cycles, with each cycle comprising 2 minutes incubation in liquid nitrogen 
followed by 3 minutes incubation in 55°C water bath. At the end of the last cycle, 
the mixture was gently shaken on ice for 45 minutes, and the supernatant was 
collected with centrifugation at 4000 g. Diluted supernatant (50 µL of supernatant 
diluted with lysis buffer to 100 µL total volume) was used in a BCA assay according 
to the Test-tube Procedure provided by the company (#23225; PierceTM BCA 
Protein Assay Kit, ThermoScientific), with the protein standard diluted in the same 
lysis buffer as the samples.  
Equal amounts of protein were separated using 12% SDS-PAGE and 
transferred to a 0.45 µm PVDF membrane (#IPVH00010; Immobilon® - P Transfer 
Membrane, Merck Millipore Ltd) using The Mini Trans-Blot® tank (# M1703930; 
BioRad) containing glycine transfer buffer (25 mM tris-base pH 8.3; 192 mM 
glycine; 20% methanol) for 75 minutes at 100 V with constant 400 mA. Specific 
antibodies were used in immunoblotting and were detected using 
chemiluminescence (SuperSignal Wester Pico; ThermoScientific).  LCI1 and 
Rubisco antibodies were gifts from James V. Moroney (Louisiana State University) 
and Howard Griffiths (University of Cambridge, UK), respectively. CAH1 and LCIB 
antibodies were generated in rabbits using purified protein of each (Roberts and 
Spalding, 1995; Duanmu et al., 2009b). LCIA antibody was produced as previously 
described (Wang and Spalding, 2014a).  
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2.4. Spot test 
Liquid minimal medium pH 7.3 was used to dilute freshly growing cells from 
agar plates, and the cell number was measured using a hemocytometer. The 
suspension of cells was serially diluted before spotting on agar minimal medium 
pH 6 (20 mM MES-KOH), pH 7.3 (20 mM MOPS-Tris) and pH 9 (20 mM AMPSO-
KOH). A plate at each pH was grown in high CO2, low CO2 and very low CO2 
condition for 7 to 10 days in light. 
2.5. O2 evolution measurement 
Cells were grown in a liquid minimal medium pH 7.3 (20 mM Tris-HCl) in 
high CO2 (5% CO2 [v/v]) to late log phase, then acclimated to very low CO2 for at 
least 20 hours by continuous bubbling with very low CO2 gas (<0.01% [v/v]) 
created by mixing normal air with air passed through a saturated sodium hydroxide 
solution and the output gas was constantly monitored with a CO2 analyzer (Qubit 
S151). Cells were harvested by centrifugation (1000 g) at room temperature for 5 
minutes, and the pellets were diluted in N2-saturated buffers to a final chlorophyll 
concentration of 20 µg ml-1. The buffers used were: pH 6 (25 mM MES-KOH), pH 
7.3 (25 mM MOPS-Tris pH) and pH 9 (25 mM AMPSO-KOH. O2 evolution rates 
were measured using a Clark-type oxygen electrode controlled by an Oxy-Lab unit 
(Hansatech) at 25°C, using 4 ml of cells with total chlorophyll of 80 µg. Cells were 
first illuminated with 500 µmol photon m-2 s-1 until all Ci was consumed, as 
indicated by nearly zero O2 evolution rates. The measurement was then initiated 
by addition of specific Ci concentration, and the next Ci addition only occurred once 
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all Ci from the previous measurement was consumed, as judged by cessation of 
O2 evolution. The O2 concentration inside the chamber was kept low by frequent 
flushing with N2 gas, because high O2 concentration in the chamber (> 200 nmol 
mL-1) inhibited photosynthesis.  
3. Results 
3.1. The impact of LCI1-LCIB and LCI1-LCIA double mutations on growth 
The double mutant LCI1-LCIB (l1b) and LCI1-LCIA (l1a) were generated by 
genetic crosses and the absence of relevant proteins in each mutant was 
confirmed by western immunoblot (Figure 3.1).  
 
Figure 3.1. Western immunoblot to confirm the absence of relevant proteins in 
each double mutant. Total protein of 1 µg was used to detect LCI1, LCIB and rbcL 
proteins. Total protein of 3 µg was used to detect CAH1 and LCIA proteins. 
Western immunoblots were used only to detect presence or absence of specific 
proteins and were not intended to quantify gene expression level in each mutant.  
The impact of the combined mutations on growth was analyzed in three CO2 
levels: high CO2 (5% CO2), low CO2 (air level; ~0.04% CO2) and very low CO2 
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(~0.01% CO2) at pH 6, pH 7.3 and pH 9. The growth phenotype of l1b, combining 
mutations in lci1 and lcib, is nearly indistinguishable from the lcib single mutant in 
exhibiting a no growth in low CO2 but lacking any substantial growth hindrance in 
either high CO2 or very low CO2 at all tested pHs (Figure 3.2). Similarly, the growth 
phenotype of l1a, combining mutations in lci1 and lcia, is nearly indistinguishable 
from the lcia single mutant in lacking any substantial growth hindrance in all tested 
conditions (Figure 3.3). Nonetheless, slower growth phenotypes were detected for 
both double mutants under specific, very low CO2 conditions: l1b at pH 9 and l1a 
at pH 6.  
 
Figure 3.2. Spot test of l1b mutant at pH 6, pH 7.3 and pH 9 and under three 
different CO2 gas levels: high CO2 (5% CO2), low CO2 (~0.04% CO2; air CO2 
concentration), and very low CO2 (~0.01% CO2). l1b_2, l1b_3, l1b_7 and l1b_16 
are different colonies of LCI1-LCIB double mutant. Lci1 is a single mutant of LCI1 
in 21gr background. Lcia is a single mutant of LCIA in 21gr background, and 21gr 
is the wild type. Pmp1 is an LCIB mutant used as a control for growth in air-level 
CO2 (low CO2), because it dies in this condition but grows in high and very low 
CO2. Cia5 is a classic CCM mutant used as a control for very low CO2 growth, 




Figure 3.3. Spot test of l1a double mutant at pH 6, pH 7.3 and pH 9 and under 
three different CO2 gas levels: high CO2 (5% CO2), low CO2 (~0.04% CO2; air CO2 
concentration), and very low CO2 (~0.01% CO2). l1a_2, l1a_5, and l1a_14 and 
l1b_16 are different colonies of LCI1-LCIA double mutant. Lci1 is a single mutant 
of LCI1 in 21gr background. Lcia is a single mutant of LCIA in 21gr background, 
and 21gr is the wild type. Pmp1 is an LCIB mutant allele used as a control for 
growth in air-level CO2 (Low CO2), because it dies in this condition but grows in 
high and very low CO2. Cia5 is a classic CCM mutant used as a control for growth 
in very low CO2, since it dies in very low CO2 but grows in low CO2 and high CO2.  
 
3.2. The impact of LCI1-LCIB and LCI1-LCIA double mutations on Ci-
dependent O2 evolution  
To further investigate the role of LCI1 in photosynthesis, we measured 
photosynthetic O2 evolution response of the LCI1-LCIA double mutant (l1a) and 
the LCI1-LCIB double mutant (l1b) in a range of Ci concentrations at pH 6, pH 7.3 
and pH 9.  
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3.2.1. Photosynthetic O2 evolution responses of double mutant LCI1-LCIA 
(l1a)  
The relatively normal growth of l1a strain to grow in low and very low CO2 
suggests that the absence of both LCI1 and LCIA had no severe impact on Ci-
dependent photosynthesis under these conditions. As seen in Figure 3.4, 
photosynthetic O2 evolution of l1a was indistinguishable from wild type in ≤ 10 µM 
Ci at pH 6 (Figure 3.4 D) and in ≤ 50 µM Ci at pH 7.3 (Figure 3.4 G). Above these 
Ci concentrations at both pHs, l1a Ci-dependent O2 evolution exhibited moderate 
decrease relative to wild type (Figure 3.4 B, C and E, F).  
When viewed as a function of calculated CO2 concentrations, the Ci 
concentrations where normal or nearly normal photosynthetic O2 evolution was 
observed in l1a fall within the CO2 concentration range associated with the very 
low CO2 acclimation state (≤ 5 µM CO2) at both pHs (Figure 3.5 C and F). On the 
other hand, the Ci concentrations where l1a exhibited moderately decreased 
photosynthetic O2 evolution correspond to the low CO2 acclimation state (5–150 
µM CO2) at both pHs (Figure 3.5 A, B and D, E). The normal photosynthesis of l1a 
in very low CO2 and moderately decreased photosynthesis in low CO2 explain the 
normal growth of l1a in both gas conditions.  
As shown in Figure 3.6, Ci-dependent O2 evolution of l1a at both pH 6 and 
pH 7.3 was very similar to that of lci1 but substantially lower than that of lcia, 
particularly in the low CO2 range. These data suggest that decreased Ci-
dependent O2 evolution in l1a at pH 6 and pH 7.3 in low CO2 is attributable to the 
absence of LCI1 rather than the absence of LCIA.  
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Figure 3.4. Comparison of photosynthetic O2 evolution of l1a (diamonds) and wild-
type 21gr (circles) at pH 6 (open symbols, A–D) and pH 7.3 (closed symbols, E–
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G), plotted against total Ci concentration. All data points represent the mean of 
three replicates from at least two independent cultures. The ratio of SD (n = 3) to 
the mean is less than 10 % for all data points in both pHs. Multiple t-test was used 
to assess the significant difference. The rates in l1a are significantly lower than in 
the wild type at ≥ 10.5 µM Ci in pH 6 and at ≥ 60 µM Ci in pH 7.3 (P ≤ 0.01). The 
maximum photosynthetic rates (μM O2.mg Chl-1.hour-1) measured at 4000 µM Ci 
are as follows (± SD): at pH 6,  128 ± 7 (21gr), 112 ± 4.5 (l1a) and at pH 7.3, 127 
± 2 (21gr), 102 ± 2 (l1a). GraphPad Prism 7 was used to create all graphs, 
calculations and statistical analyses.  
At pH 9, l1a photosynthetic O2 evolution rates were significantly lower than 
those of wild type in all tested Ci concentrations (Figure 3.7 A). l1a photosynthetic 
O2 evolution rates also were significantly lower than those of lci1, which were 
similar to wild type (Figure 3.7 B). By contrast, l1a O2 evolution rates were similar 
to those of the lcia (Figure 3.7 C). These data indicate that, unlike what was seen 
at pH 6 and pH 7.3, the decreased l1a O2 evolution rates at pH 9 are associated 
with the absence of LCIA rather than the absence of LCI1. At pH 9, almost all of 
the Ci is in the form of HCO3–, and there is almost no CO2, which argues that 
availability of internal CO2 for Rubisco is highly dependent on active HCO3– uptake 
through LCIA at pH 9, whereas at pH 6 or pH 7.3, CO2 concentrations are high 
enough to support active CO2 uptake. Hence, LCIA absence is impactful at pH 9 
which is consistent with previous observations (Wang and Spalding, 2014a; 




Figure 3.5. Comparison of photosynthetic O2 evolution of l1a (diamonds) and wild-
type 21gr (circles) at pH 6 (open symbols, A–C) and pH 7.3 (closed symbols, D–
F), plotted against calculated CO2 concentration. CO2 concentration was 
calculated from total Ci assuming that CO2 and HCO3– are in equilibrium. The rates 
in l1a are significantly lower than in wild type at ≥ 7 µM CO2 in pH 6 and at ≥ 5 µM 
CO2 in pH 7.3 (P ≤ 0.01). Statistical analyses and profiles of maximum 
photosynthetic rates are similar to those of Figure 3.4. Bovine carbonic anhydrase 
(CA) was not included in this assay, because its presence during measurement 
did not change the photosynthetic rates.   
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3.2.2. Photosynthetic O2 evolution responses of double mutant LCI1-LCIB 
(l1b)  
Ci-dependent O2 evolution rates in l1b were significantly decreased relative 
to those of wild type in all tested Ci concentrations in pH 6 and pH 7.3 (Figure 3.8), 
especially at Ci concentrations ≥ 7.5 µM in pH 6 (Figure 3.8 B, C, D) and at ≥ 50 
µM in pH 7.3 (Figure 3.8 E, F, G). Below these Ci concentrations, the decreases 
in l1b O2 evolution rates in l1b were relatively small (Figure 3.8 D and G). Since 
the largest impacts on l1b O2 evolution rates occurred in different Ci concentration 
ranges in pH 6 and pH 7.3, we plotted l1b and wild-type O2 evolution rates against 
calculated CO2 and HCO3– concentrations. As shown in Figure 3.9 and Figure 
3.10, the decreased l1b Ci-dependent O2 evolution occurred in the same CO2 
rather than HCO3– concentrations at pH 6 and pH 7.3. Severe inhibition of l1b O2 
evolution rates was seen only above 5 µM CO2 in both pHs (Figure 3.9 A, B and 
D, E).  
When photosynthetic O2 evolution of the individual, single mutants, lci1 and 
lcib, was contrasted with that of the double mutant l1b, a larger decrease in the 
very low CO2 range (≤ 5 µM CO2) for l1b was seen relative to lci1 rather than to 
lcib, suggesting that LCIB activity is more essential than LCI1 activity in this CO2 
range. However, this observation was more pronounced in pH 6, where relative 
abundance of CO2 is higher than HCO3–, than at pH 7.3, where relative abundance 




Figure 3.6. Comparison of photosynthetic O2 evolution of l1a (diamonds) with the 
wild-type 21gr (black circles), the lci1 (red squares), the lcia (green squares) at pH 
6 (open symbol; A–C) and pH 7.3 (closed symbol; D–F), plotted against calculated 
CO2 concentration. All data points represent the mean of three replicates from at 
least two independent cultures. The ratio of SD (n = 3) to the mean (%CV) is less 
than 10 % for all data points in both pHs. Multiple t-test was used to assess the 
significant difference. CO2 concentration was calculated as described in Figure 
3.5. The rates in l1a are significantly lower than in lcia at ≥ 5 µM CO2 (P ≤ 0.01) in 
both pH 6 and pH 7.3, and there is no significant difference between the rates in 
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l1a and lci1 at both pHs. The O2 evolution rates of lci1 are significantly lower than 
those of wild type between 7–139 µM CO2 and 5–200 µM CO2 at pH 6 and pH 7.3, 
respectively (P ≤ 0.01). The rates in lcia are significantly higher than those in wild 
type between ~14 to ~52 µM CO2 at pH 6 (P ≤ 0.01). The maximum photosynthetic 
rates (μM O2.mg Chl-1.hour-1) measured at 4000 µM Ci are as follows (± SD): at 
pH 6,  128 ± 7 (21gr), 112 ± 4.5 (l1a), 112 ± 2 (lci1), 132 ± 2 (lcia)  and at pH 7.3, 
127 ± 2 (21gr), 102 ± 2 (l1a), 102 ± 2 (lci1), 131± 5 (lcia). 
 
Figure 3.7. Photosynthetic O2 evolution response of l1a (diamonds) at pH 9 plotted 
against total Ci concentration. Comparison between: the l1a and the wild-type 21gr 
(circles) (A); the l1a and the lci1 (red squared) (B); the l1a and the lcia (green 
squares) (C). All data points represent the mean of three replicates from at least 
two independent cultures. The ratio of SD (n = 3) to the mean (%CV) is less than 
10 % for most data points. A t-test was used to estimate the significant difference. 
The O2 evolution rates in l1a are significantly lower than those in wild type and in 
lci1 (P ≤ 0.05). There is no significant difference in the rates between lci1 and wild 
type or between lcia and l1a. The maximum photosynthetic rates (μM O2.mg Chl-
1.hour-1) measured at 4000 µM Ci are as follows (± SD): 113 ± 3 (21gr), 89 ± 2 
(l1a), 101 ± 1 (lci1), 103 ± 2 (lcia). 
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Figure 3.8. Photosynthetic O2 evolution of l1b (triangles) compared to wild-type 
21gr (circles) at pH 6 (A–D) and pH 7.3 (E–F), plotted against total Ci 
concentration. Each data point was generated from the mean of three replicates 
from at least two independent cultures. The ratio of SD (n = 3) to the average 
(%CV) is less than 10 % for almost all data points in both pHs. Multiple t-test was 
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used to assess the significant difference. The O2 evolution rates in l1b were 
significantly lower than those in wild-type 21gr at pH 6 in all Ci concentrations (P ≤ 
0.01), whereas, at pH 7.3, a significant difference was seen only at ≥ 50 µM Ci (P 
≤ 0.01). The maximum photosynthetic rates (μM O2.mg Chl-1.hour-1) measured at 
4000 µM Ci are as follows (± SD): at pH 6,  128 ± 7 (21gr), 74 ± 2 (l1b) and at pH 
7.3, 127 ± 2 (21gr), 87 ± 3 (l1b). 
 
Figure 3.9. Photosynthetic O2 evolution of l1b compared to wild-type 21gr at pH 6 
and pH 7.3, plotted against calculated CO2 concentration. CO2 concentrations was 
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calculated from total Ci assuming that CO2 and HCO3– are in the equilibrium. 
Statistical analyses and the maximum photosynthetic rates are identical to Figure 
3.8. The addition of bovine carbonic anhydrase did not change the O2 evolution 
rates thus it was excluded in this assay.  
 
Figure 3.10. Photosynthetic O2 evolution of l1b compared to wild-type 21gr at pH 
6 and pH 7.3, plotted against calculated HCO3– concentration. HCO3–  
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concentration was calculated from total Ci with the assumption that CO2 and 
HCO3– are in the equilibrium. Statistical analyses and the maximum photosynthetic 
rates are identical to Figure 3.8. The addition of bovine carbonic anhydrase did not 
change the O2 evolution rates thus it was excluded in this assay.
Figure 3.11. Photosynthetic O2 evolution of l1b (black triangles) compared to lci1
(red squares; A, C) and pmp1 (blue squares; B, D) at pH 6 (A, B) and pH 7.3 (C, 
D), plotted against calculated CO2 concentrations. The CO2 concentrations used 
in this plot represent very low CO2 (≤ 5µM CO2) and air-level CO2 (10–18 µM CO2). 
CO2 concentration was calculated as described in Figure 3.9. All data points 
represent the mean of three replicates from at least two independent cultures. The 
ratio of SD (n = 3) to the mean (%CV) is less than 10 % for all data points in both 
pHs. Estimation of significant difference was carried out with multiple t-test. In the 
very low CO2 range, the rates in l1b are significantly lower than those in lci1 at pH 
6 (P ≤ 0.01), while, in the low CO2 range, photosynthetic O2 evolution rates in l1b
are significantly lower than those in either single mutant (P ≤ 0.01) at both pHs. 
The maximum photosynthetic rates (μM O2.mg Chl-1.hour-1) measured at 4000 µM 
Ci are as follows (± SD): at pH 6,  128 ± 7 (21gr), 74 ± 2 (l1b), 112 ± 2 (lci1), 133 
± 6 (pmp1) and at pH 7.3, 127 ± 2 (21gr), 87 ± 3 (l1b), 102 (lci1), 143 ± 2 (pmp1). 
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A comparison of l1b O2 evolution with that of lab (LCIA-LCIB double mutant) 
over the very low and low CO2 ranges shows that the O2 evolution rates in l1b are 
higher, indicating that, in an lcib mutant background (LCIB absent), the additional 
absence of LCIA in very low CO2 has more negative impact than the additional 
absence of LCI1 on the photosynthetic O2 evolution (Figure 3.12). These data 
imply that LCIB and LCIA are the main proteins supporting Ci uptake in the very 
low CO2 range, which is consistent with previous reports (Wang and Spalding, 
2014a). LCI1, on the other hand, appears to have much less impact in very low 
CO2.  
 
Figure 3.12. Photosynthetic O2 evolution of l1b (black triangles) compared to lab 
(LCIA-LCIB double mutant, orange triangles) at pH 6 and pH 7.3, plotted against 
calculated CO2 concentrations. CO2 concentrations used in this plot represent very 
low CO2 (≤ 5µM CO2) and air-level CO2 (10–18 µM CO2). Statistical analyses are 
similar to those of Figure 3.11. In these CO2 ranges at both pHs, the rates in lab 
are significanlty lower than those in l1b (P ≤ 0.01). The maximum photosynthetic 
rates (μM O2.mg Chl-1.hour-1) measured at 4000 µM Ci are as follows (± SD): at 
pH 6,  128 ± 7 (21gr), 74 ± 2 (l1b), 112 ± 2 (lci1), 133 ± 6 (pmp1), 92 ± 3 (lab), and 
at pH 7.3, 127 ± 2 (21gr), 87 ± 3 (l1b), 102 (lci1), 143 ± 2 (pmp1), 100 ± 3 (lab). 
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It has been shown previously that the absence of LCIB inhibits 
photosynthesis in a low CO2 range specifically between 6 to 18 µM CO2 (0.02%–
0.05%) and causes growth defect in air CO2 level (0.03%–0.05% CO2) (Wang and 
Spalding, 2006, 2014a). In this CO2 concentration range, addition of another 
mutation in LCI1 further decreased the O2 evolution rates in the lcib mutant 
background, however, this impact was smaller compared to the impact of adding 
an LCIB mutation into an lci1 mutant background (Figure 3.11). These data 
indicate that LCIB is the main protein supporting Ci-dependent photosynthesis in 
the low CO2 range specifically between 6 to 18 µM CO2.  
The greatest impact on photosynthesis of adding an LCI1 mutation to an 
lcib mutant background was seen above 20 µM CO2 when compared to the impact 
of this additional mutation in either air-level CO2 level or in very low CO2 as judged 
by the magnitude of the decrease in l1b relative to pmp1 O2 evolution rates (Figure 
3.13). Furthermore, the comparison of l1b, lab and pmp1 O2 evolution rates above 
20 µM CO2 showed that the absence of LCI1 had a larger impact than the absence 
of LCIA in an lcib mutant background, as depicted by higher rates of 
photosynthesis in lab relative to l1b in this CO2 range (Figure 3.14). These data 
suggest that the role of LCI1 becomes more impactful as the CO2 concentration 
increases and that LCI1 seems to make substantial contributions to Ci-dependent 




Figure 3.13. Photosynthetic O2 evolution of l1b compared to lci1 (red squares; A, 
C) and pmp1 (blue squares; B, D) at pH 6 (A, B) and pH 7.3 (C, D), plotted against 
calculated CO2 concentrations. CO2 concentrations used in this plot represent both 
very low CO2 and low CO2 ranges. Statistical analyses and the maximum 
photoysnthetic rates are similar to Figure 3.11.  
At pH 9, a combination of mutations in both LCI1 and LCIB causes a 
decrease in photosynthesis at ≥ 200 µM Ci, as seen in O2 evolution of l1b relative 
to that of wild type (Figure 3.15). However, a mutation in either LCI1 or LCIB did 
not significantly impact photosynthesis in pH 9 at most Ci concentrations (Figure 
3.15). These results suggest that both LCI1 and LCIB are important to maintain 
normal photosynthesis when HCO3- is very abundant and CO2 concentration is 
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very low, in addition to the previously demonstrated requirement for HLA3-LCIA 
HCO3– transport in these conditions.  
 
Figure 3.14. Photosynthetic O2 evolution of l1b (black triangles) compared to lab 
(LCIA-LCIB double mutant, orange triangles) at pH 6 and pH 7.3, plotted against 
calculated CO2 concentrations. CO2 concentrations used in this plot represent both 
very low CO2 and low CO2 ranges. Statistical analyses and the maximum 
photoysnthetic rates are similar to Figure 3.11. In both pH 6 and pH 7.3, the O2 
evolution rates in lab are significanlty higher than l1b ( P ≤ 0.01).  
 
Figure 3.15. Photosynthetic O2 evolution of l1b double mutant at pH 9 compared 
to wild-type 21gr and each single mutant, plotted against Ci concentration. All data 
points represent the mean of three replicates from at least two independent 
cultures. The ratio of SD (n = 3) to the mean (%CV) is less than 10 % for most data 
points. A t-test was used to estimate the significant difference. The O2 evolution 
rates in l1b are significantly lower than those in wild type; lab also exhibits lower 
rates than l1b (P ≤ 0.05). There is no significant difference between the rates of 
lci1 and wild type or between pmp1 and wild type. The maximum photosynthetic 
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rates (μM O2.mg Chl-1.hour-1) measured at 4000 µM Ci are as follows (± SD): 113 
± 3 (21gr), 55 ± 3 (l1b), 101 ± 1 (lci1), 98 ± 4 (pmp1), 37 ± 5 (lab).   
3.3. The uncompensated contribution of LCI1, LCIA, and LCIB to 
photosynthesis of wild type, lcia and pmp1 strains  
Ci-dependent, O2 evolution profiles of l1a and l1b show that the effect of an 
LCI1 mutation is distinctive when combined with the absence of either LCIA or 
LCIB. LCIA is an inner chloroplast envelope protein essential to transport HCO3– 
in very low CO2, and LCIB, a chloroplast stromal protein, is associated with active 
CO2 uptake in low and very low CO2. In order to have a better understanding on 
the interaction between LCI1 and the LCIB-mediated CO2 uptake or the LCIA-
associated HCO3– uptake system as well as the role of LCI1 in multiple CO2 
acclimation states, we calculated and compared the uncompensated contributions 
of LCI1, LCIA and LCIB to photosynthetic O2 evolution in a wild-type background, 
the uncompensated contributions of LCI1 and LCIA to photosynthetic O2 evolution 
in an lcib mutant background, and the uncompensated contributions of LCI1 and 
LCIB to photosynthetic O2 evolution in an lcia mutant background. To closely 
evaluate the function and interaction between each protein in different CO2 
acclimation states, the uncompensated contribution for each protein in each 
background strain at pH 6, pH 7.3 and pH 9 was plotted as a function of the 
calculated CO2 concentrations.  
We define the uncompensated contribution of each protein as the 
magnitude of the decrease in O2 evolution rate in the absence of a specific protein, 
and this uncompensated contribution was calculated by subtracting the O2 
evolution rate of the added mutant from that of the background strain. For example, 
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the O2 evolution rate of the lci1 mutant was subtracted from that of wild type to 
estimate the uncompensated contribution of LCI1 in the wild-type background. This 
value only represents the minimal amount of O2 evolution contributed by LCI1 in 
wild type, since activity of another component might be able to compensate for the 
lost LCI1 activity in the absence of LCI1 — thus representing only the 
uncompensated contribution by LCI1.   
Since the ratio of O2 evolution and CO2 fixation generally is one to one, the 
uncompensated contribution also portrays the amount of CO2 that no longer is able 
to be fixed by Rubisco during steady state photosynthesis. Thus, the 
uncompensated contribution represents an exclusive contribution of a specific 
protein or transporter in Ci uptake to support the photosynthesis. It is important to 
note that due to the complementary function of different Ci uptake systems in the 
CCM, this calculated uncompensated contribution does not represent the actual 
contribution of a specific protein in Ci uptake, since this could be higher than the 
calculated uncompensated contribution value.   
3.3.1. Very low CO2 range 
As defined by Vance and Spalding (2005), the CO2 concentration 
corresponding to the very low CO2 acclimation state is below 5 µM. In this 
condition, the role of both the LCIA-associated HCO3- transport system and the 
LCIB-mediated CO2 uptake system are essential to support Ci assimilation. Even 
though these two systems have separate roles in active Ci uptake processes, they 
appear to serve complementary functions because the defect in one system can 
be compensated by the presence of the other.  
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The uncompensated contributions of LCI1 in very low CO2 (≤ 5 µM CO2) at 
either pH 6 or pH 7.3, was undetectable in a wild-type background where LCIA 
and LCIB are both present (Figure 3.16 A, B). In the absence of LCIA (lcia 
background) or of LCIB (lcib background), the uncompensated contribution of LCI1 
still was undetectable (Figure 3.16 A, B). By contrast, the LCIA uncompensated 
contribution increased substantially in the absence of LCIB (Figure 3.16 D, E), and 
the LCIB uncompensated contribution also increased substantially in the absence 
of LCIA (Figure 3.16 G, H). However, in the absence of LCI1 (lci1 background), 
the calculated LCIA or LCIB uncompensated contribution was negligible (Figure 
3.16 D, E, G, H).  These data demonstrate that, at pH 6 and pH 7.3 in very low 
CO2, complementary functionality of Ci uptake components occurs between LCIA 
and LCIB, but there is no obvious complementary function for either LCIA or LCIB 
with LCI1. 
At pH 9, in the wild-type background, the uncompensated contributions of 
LCI1 and LCIB were negligible (Figure 3.16 C, I), whereas, the LCIA 
uncompensated contribution was substantial (Figure 3.16 F). Even though the very 
low CO2 range has a similar CO2 concentration at pH 6, pH 7.3 and pH 9, the 
HCO3– concentration at each pH is much different, and pH 9 has by far the highest 
HCO3– concentration. This suggests that dependence on a HCO3– uptake system 
in the presence of a very high HCO3– concentration is high, even when CO2 is 
available. Therefore, the LCIA uncompensated contribution in a wild-type 
background is detected only at pH 9 and not at pH 6 or pH 7.3.  
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Figure 3.16. Calculated, uncompensated contribution of LCI1 (A, B, C); LCIA (D, 
E, F); LCIB (G, H, I) at pH 6 (first row), pH 7.3 (second row) and pH 9 (third row). 
The uncompensated contribution of the relevant protein in a wild-type background 
(black triangles), a pmp1 background (red triangles), an lcia background (green 
triangles), and an lci1 background (blue triangles). Calculated, uncompensated 
contribution of each protein is plotted against CO2 concentration with a focus on 
the very low CO2 range (0–5 µM CO2). CO2 concentration was calculated from total 
Ci assuming CO2 and HCO3– are in equilibrium. Uncompensated contributions 
were calculated by subtracting O2 evolution rates of the mutant from those of its 
background strain (LCI1 in wild type = 21gr-lci1; LCI1 in pmp1 = pmp1-l1b; LCI1 
in lcia = lcia-l1a; LCIB in wild type = 21gr-pmp1; LCIB in lcia = lcia-lab; LCIB in lci1 
= lci1-l1b; LCIA in wild type = 21gr-lcia; LCIA in lci1 = lci1-l1a; LCIA in pmp1 = 
pmp1-lab). 
The LCIA uncompensated contribution at pH 9 in a mutant background 
lacking LCIB (lcib mutant) increased significantly relative to its contribution in the 
wild-type background (Figure 3.16 F), suggesting that LCIB partially compensates 
for the loss of LCIA at pH 9 in the wild-type background. By contrast, in a mutant 
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background lacking LCI1 (lci1 mutant), the uncompensated contribution of LCIA 
was unchanged relative to that in the wild-type background. These data imply that 
the absence of LCIA at pH 9 can be compensated by LCIB but not by LCI1. Thus, 
at pH 9, complementary roles were seen between LCIA and LCIB, but it is not 
obvious whether LCIA and LCI1 could compensate for the absence of each other.  
Interestingly, while LCI1 uncompensated contribution in a background 
lacking LCIB (lcib mutant) was very small in pH 6 and pH 7.3, it was high at pH 9 
(Figure 3.16 C). Similarly, in a background lacking LCI1 (lci1 mutant), the LCIB 
uncompensated contribution was substantial at pH 9 but not at pH 6 or pH 7.3 
(Figure 3.16 I, G, H). While the uncompensated contribution of LCIB increased in 
a background lacking LCI1, the LCIA uncompensated contribution at pH 9 was 
unaffected by the absence of LCI1 similar to that of the pH 6 and pH 7.3 (Figure 
3.16 D, E). These data suggest that at pH 9, LCI1 and LCIB play complementary 
roles, but the same relationship is not seen between LCI1 and LCIA.  
3.3.2. Low CO2 range 
According to Vance and Spalding (2005), the low CO2 acclimation state is 
associated with CO2 concentrations between 10 µM to 165 µM.  This range 
includes air-level CO2 (10–18 µM CO2), where lcib mutants exhibit severe 
limitations in photosynthesis and substantial growth defects. At pH 6, the LCI1 
uncompensated contributions in a wild-type background and in an lcib mutant 
background were very similar between 10 to 20 µM CO2 (Figure 3.17 A). Above 
20 µM CO2, the LCI1 uncompensated contribution in the lcib mutant background 
increased with increasing CO2, while its contribution in the wild-type background 
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was relatively constant (Figure 3.17 B). Between 15–35 µM CO2, LCI1 
uncompensated contribution in the lcia mutant background was higher than its 
contribution in either the wild type or the lcib mutant background, although this 
higher contribution was not sustained, because above 35 µM CO2, the LCI1 
uncompensated contribution in the lcia mutant background gradually declined with 
increasing CO2 (Figure 3.17 A). At pH 7.3, between 10–20 µM CO2, LCI1 
uncompensated contribution was identical and steady in either a wild-type or an 
lcia mutant background, while it showed a declining trend in an lcib mutant 
background (Figure 3.17 C). However, above 20 µM CO2, the LCI1 
uncompensated contribution in the lcib background at pH 7.3 increased with 
increasing CO2, similar to the trend at pH 6, while its contribution in the wild type 
and the lcia were constant (Figure 3.17 D).  
When LCI1 and LCIA uncompensated contribution in pmp1 were compared, 
at pH 6 above 20 µM CO2, the LCI1 uncompensated contribution was higher than 
the LCIA uncompensated contribution (Figure 3.17 A, B, E, F). Furthermore, LCIA 
contribution remained relatively constant with increasing in CO2 concentration 
above 20 µM, whereas LCI1 contribution increased with increasing CO2.  At pH 
7.3, LCIA uncompensated contribution increased as CO2 increased between 20–
50 µM, but, above 50 µM CO2, LCIA uncompensated contribution remained 
constant. However, over the same range, LCI1 uncompensated contribution 
continued to increase as CO2 concentration increased, even above 50 µM (Figure 
3.17 C, D, G, H).  
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At pH 6 and pH 7.3, LCIB uncompensated contribution exhibited a 
distinctive pattern as a function of CO2 concentration whether in a wild-type, an 
lcia mutant or an lci1 mutant background.  In addition, LCIB uncompensated 
contribution also responded to the absence of either LCI1 or LCIA with alterations 
in that pattern.  As shown in Figure 3.17 I–L, relative to its contribution in a wild-
type background, the uncompensated contribution of LCIB in the absence of LCIA 
increased substantially only at CO2 concentrations ≤ 35 µM CO2. By contrast, 
relative to its contribution in a wild-type background, uncompensated contribution 
of LCIB in the absence of LCI1 increased only at CO2 concentrations ≥ 35 µM. 
Interestingly, while LCIB uncompensated contribution in the wild type and lcia 
backgrounds both declined above 35 µM CO2, in lci1 background it remained 
steady both at pH 6 and at pH 7.3.  
The increasing uncompensated contribution of LCI1 in the absence of LCIB 
together with the response of LCIB uncompensated contribution in lci1, specifically 
above 20 µM CO2, suggest that LCI1 and LCIB may compensate for each other. 
Furthermore, these results, together with the double mutant results involving LCI1 
in general, argue for this protein to play a meaningful role in Ci uptake in low CO2, 
especially at CO2 concentrations above air level.  
3.4. The impact of Ci species composition on the uncompensated 
contribution of LCI1, LCIA and LCIB in various backgrounds 
The O2 evolution response to the absence of LCI1 in a wild-type, an lcib 
mutant pmp1, and an lcia mutant background appeared Ci species dependent. 
Therefore, we investigated the impact of CO2 and HCO3– on the function of LCI1, 
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by closely evaluating the uncompensated contribution of LCI1 in various genetic 
backgrounds at pH 6, where relative CO2 abundance is higher than HCO3–; at pH 
7.3, where the HCO3– abundance is higher than CO2, and at pH 9, where HCO3– 
is overwhelmingly the predominant Ci species. The analysis was conducted in a 
wild-type background, where all other CCM components are present, in the 
absence of HCO3– transport system (lcia mutant background) and in the absence 
of CO2 uptake system (lcib mutant background).  
3.4.1. LCI1, LCIA and LCIB uncompensated contributions in a wild-type 
background as a function of HCO3– and CO2 concentrations 
The pattern of LCI1 uncompensated contribution in a wild-type background 
appears similar at pH 6, pH 7.3 and pH 9 when plotted as a function of calculated 
CO2 concentration (Figure 3.18 and Figure 3.19 B, C, D), but, when plotted 
as a function of calculated HCO3– concentration, the pattern was markedly different 
at each pH (Figure 3.18 and Figure 3.19 F, G, H). As seen when plotted against 
CO2 concentration in Figure 3.18 B, the LCI1 uncompensated contribution was 
negligibly small below 5 µM CO2 at all three pHs, and was higher but very similar 
in magnitude between 5–20 µM CO2 at pH 6 and pH 7.3. By contrast, when plotted 
against HCO3– concentration, LCI1 uncompensated contribution increased at a 
different HCO3– concentration for each pH. At pH 6, a progressively increasing 
LCI1 uncompensated contribution appeared below 5 µM HCO3–, while at pH 7.3, 
the increase only occurred above 30 µM HCO3– (Figure 3.18 F). Because similar 
patterns for LCI1 uncompensated contributions was observed at acidic and 
alkaline pH as a function of the calculated CO2 rather than the calculated HCO3– 
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concentrations, LCI1 function responds to CO2 instead of HCO3–, arguing that CO2 
is the favored substrate for LCI1.  
 
Figure 3.17. Calculated, uncompensated contribution of LCI1 (A, B, C, D); LCIA 
(E, F, G, H); LCIB (I, J, K, L) at pH 6 (first and second row) and at pH 7.3 (third 
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and fourth row). The uncompensated contribution of the relevant protein in a wild-
type background (black triangles), a pmp1 mutant background (red triangles), an 
lcia background (green triangles), and an lci1 mutant background (blue triangles). 
Uncompensated contribution of each protein is plotted against CO2 concentration 
with a focus on the low CO2 range (10–165 µM CO2). Uncompensated 
contributions in 10–60 µM CO2 are represented in A, E, I (pH 6) and C, G, K (pH 
7.3); above 60 µM CO2 are illustrated in B, F, G (pH 6) and D, H, L (pH 7.3). CO2 
concentration was calculated from total Ci assuming CO2 and HCO3– are in 
equilibrium. Uncompensated contributions were calculated by subtracting the O2 
evolution rates of the mutant from those of its background strain (LCI1 in wild type 
= 21gr-lci1; LCI1 in pmp1 = pmp1-l1b; LCI1 in lcia = lcia-l1a; LCIB in wild type = 
21gr-pmp1; LCIB in lcia = lcia-lab; LCIB in lci1 = lci1-l1b; LCIA in wild type = 21gr-
lcia; LCIA in lci1 = lci1-l1a; LCIA in pmp1 = pmp1-lab). 
Furthermore, since the same response for LCI1 uncompensated 
contribution was observed at pH 6 and pH 7.3 between 5–200 µM CO2, the higher 
HCO3– concentration at pH 7.3 apparently has negligible impact on the contribution 
of LCI1 to wild-type photosynthesis (Figure 3.19 B). The plots against calculated 
HCO3– concentration show that, within the same HCO3– concentration range, LCI1 
uncompensated contribution in an acidic pH is higher than in an alkaline pH. This 
is illustrated for HCO3– concentrations ≤ 50 µM, where LCI1 uncompensated 
contribution at pH 6 was higher than that at pH 7.3 (Figure 3.18 F). Similarly, 
between 50 to 1000 µM HCO3–, the contribution at pH 7.3 was significantly higher 
than that at pH 9 (Figure 3.19 F).  
The patterns of LCI1 uncompensated contribution in a wild-type background 
as a function of CO2 versus HCO3– show more similarity to the uncompensated 
contributions for LCIB than to those for LCIA. Similar to what was observed for 
LCI1 uncompensated contribution in the wild-type background, LCIB 
uncompensated contribution is very similar in pattern and in quantity as a function 
of calculated CO2 concentration in both pH 6 and pH 7.3 (Figure 3.18 D and Figure 
3.19 D). In terms of the pattern, the LCIB uncompensated contribution in both pHs 
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increases and decreases in the same CO2 concentration range, with the observed 
increase between 5–25 µM CO2 and the decrease at ≥ 25 µM CO2. Although 
relative abundance of HCO3– is higher at pH 7.3 than at pH 6, the LCIB 
uncompensated contribution at pH 7.3 is similar or slightly lower than that at pH 6 
within the same CO2 concentration range.  
The plot of LCIB uncompensated contribution as a function of HCO3– 
concentration suggests that LCIB function responds to CO2 rather than HCO3–, as 
illustrated by a higher LCIB uncompensated contribution in acidic pH compared to 
alkaline pH over the same HCO3– concentration range. For example, in 0–50 µM 
HCO3–, the LCIB uncompensated contribution at pH 6 is higher than at pH 7.3 
(Figure 3.18 H), and, because pH 6 has more CO2 than pH 7.3, the higher 
contribution in pH 6 could be attributed to preferential use of CO2 rather than 
HCO3–. Moreover, in 100–1000 µM HCO3–, the LCIB uncompensated contribution 
at pH 7.3 is significantly higher than that at pH 9 (Figure 3.19). These data imply 
that LCIB responds more to CO2 than to HCO3–, which is consistent with its function 
in active CO2 uptake.  
LCIA uncompensated contribution in the wild-type background, on the other 
hand, could not be detected in pH 6 and pH 7.3, but only at pH 9 was a significant 
increase seen (Figure 3.18 C, G and Figure 3.19 C, G). When plotted as a function 
of the calculated CO2 concentration, LCIA uncompensated contribution in pH 9 
was higher than that of pH 6 and pH 7.3 (Figure 3.18 C). Furthermore, when plotted 
as a function of the HCO3– concentration, LCIA uncompensated contribution at pH 
9 increased as the HCO3– concentration increased (Figure 3.19 G). This result 
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suggests that LCIA function is positively responding to HCO3– rather than CO2, 
which is consistent with its function in HCO3– transport.  
 
Figure 3.18. Uncompensated contribution of LCI1 (B, F); LCIA (C, G); LCIB (D, H) 
in a wild-type background. Uncompensated contribution in pH 6 (open squares), 
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pH 7.3 (closed squares) and pH 9 (red circles) is plotted against calculated CO2 
concentration (left) and HCO3– concentration (right). The CO2 concentration range 
covered in this plot is between 0–25 µM, and the HCO3– concentration range is 
between 0–120 µM. A and E are the original O2 evolution rates of a wild type. Note 
that the Y-axis scales on the original O2 evolution plots (A, E) are different than 
those on the uncompensated contribution plots (B–D, F–H). 
 
Figure 3.19. Uncompensated contribution of LCI1 (B, F); LCIA (C, G); LCIB (D, H) 
in a wild-type background. Uncompensated contribution in pH 6 (open squares), 
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pH 7.3 (closed squares) and pH 9 (red circles) is plotted against the calculated 
CO2 concentration (left) and HCO3– concentration (right). The CO2 concentration 
range covered in this plot is between 0–250 µM, and the HCO3– concentration 
range is between 0–1200 µM. A and E are the original O2 evolution rates of wild 
type. Note that the Y-axis scales on the original O2 evolution plots (A, E) are 
different than those on the uncompensated contribution plots (B–D, F–H). 
3.4.2. LCI1 and LCIB uncompensated contributions in an lcia mutant 
background as a function of HCO3– and CO2 concentrations 
Since the function of both LCI1 and LCIB in a wild-type background appears 
to respond to CO2 rather than HCO3–, we further investigated LCI1 and LCIB 
response in lcia where HCO3– transport through LCIA is defective. The absence of 
LCIA-dependent HCO3– transport should make the lcia mutant almost totally 
dependent on active CO2 uptake to support photosynthesis under very low and low 
CO2 conditions.  
The pattern of LCI1 uncompensated contribution at pH 6 appeared very 
similar to that at pH 7.3 and pH 9 when plotted as a function of calculated CO2 
concentration (Figure 3.20 B). However, when plotted as a function of HCO3– 
concentration, each pH showed a different pattern (Figure 3.20 E). As shown in 
Figure 3.20 B, when plotted as a function of CO2 concentration, LCI1 
uncompensated contribution in very low CO2 was very low in each tested pH. A 
noticeable increase in LCI1 uncompensated contribution was seen above 5–50 µM 
CO2 at both pH 6 and pH 7.3, and a slow decline was observed as CO2 
concentration increased above 50 µM (Figure 3.21 B). However, when plotted as 
a function of HCO3– concentration, the increased contribution occurred at a 
different HCO3– concentration at each pH. At pH 6, the increased LCI1 
uncompensated contribution was seen below 10 µM HCO3–, while at pH 7.3 a 
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gradual increase in LCI1 uncompensated contribution was observed between 10 
to 60 µM HCO3– (Figure 3.20 E).  
When plotted as a function of CO2 concentration, the magnitude of LCI1 
uncompensated contribution at pH 7.3 was fairly similar to that at pH 6, even 
though relative abundance of HCO3– was much higher in pH 7.3. Furthermore, 
when plotted as a function of HCO3– concentration, the magnitude of LCI1 
uncompensated contribution in alkaline pH was significantly lower than that at the 
acidic pH. Below 50 µM HCO3–, LCI1 uncompensated contribution at pH 6 was 
significantly higher than at pH 7.3 (Figure 3.20 E), and between 100–1000 µM 
HCO3–, LCI1 uncompensated contribution at pH 7.3 was higher than that at pH 9 
(Figure 3.21 E). Because relative abundance of CO2 is higher in acidic pH 
compared to alkaline pH, the increasing LCI1 uncompensated contribution in acidic 
pH can be attributed to the use by LCI1 of CO2 rather than HCO3– species.  
Similar to the pattern of LCI1 uncompensated contribution in the lcia 
background, LCIB uncompensated contribution in lcia at pH 6 and pH 7.3 
appeared more similar when plotted as a function of calculated CO2 rather than 
that of calculated HCO3– concentration. A notable increase in LCIB 
uncompensated contribution at all pHs was seen between 0–20 µM CO2 (Figure 
3.20 C), and LCIB uncompensated contribution in pH 6 and pH 7.3 gradually 
declined with increasing CO2 concentration above 20 µM (Figure 3.21 C). Below 
20 µM CO2, LCIB uncompensated contribution at pH 7.3 and pH 9 was higher than 
that at pH 6, presumably because LCIB compensates for the absence of LCIA-
mediated HCO3– transport under these conditions.  
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When plotted as a function of HCO3– concentration, the pattern of LCIB 
uncompensated contribution at each pH is distinctive, similar to what was observed 
with LCI1 uncompensated contribution. At pH 6, increased LCIB uncompensated 
contribution was seen in a lower HCO3– concentration range (<10 µM), while at pH 
7.3 and pH 9, the increase was seen between 10–50 µM and 100–1000 µM HCO3–
, respectively (Figure 3.20 F and Figure 3.21 F). In addition to pattern differences, 
the magnitude of LCIB uncompensated contribution within the same HCO3– 
concentration was higher at acidic pH compared to alkaline pH. As shown in Figure 
3.20 F, the LCIB uncompensated contribution at pH 6 is higher than at pH 7, 
especially at < 50 µM HCO3–. A similar response was seen at a higher HCO3– 
concentration range (100–1000 µM HCO3–), as illustrated by a lower LCIB 
uncompensated contribution at pH 9 relative to that at pH 7.3 (Figure 3.21 F).  
These data imply that LCIB function in the lcia background is more responsive to 
CO2 than to HCO3– concentration.  
The profiles of LCI1 and LCIB uncompensated contributions in the lcia 
background revealed that both LCI1 and LCIB respond to CO2 rather than to 
HCO3–, which is consistent with their profiles in the wild-type background. This 
similarity between LCI1 and LCIB suggests that, similar to LCIB, which is 
demonstrated to function in an active CO2 uptake system, LCI1 also appears to 
function in CO2 uptake, particularly CO2 uptake across the plasma membrane.  
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Figure 3.20. Uncompensated contributions of LCI1 (B, E) and LCIB (C, F) in an 
lcia mutant background. Uncompensated contribution in pH 6 (open squares), pH 
7.3 (closed squares) and pH 9 (red circles) is plotted against calculated CO2 
concentration (left) and HCO3– concentration (right). The CO2 concentration range 
covered is 0–25 µM and the HCO3– concentration range is 0–120 µM. A and D are 
the original O2 evolution rates of the lcia mutant alone. Note that the Y-axis scales 
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on the original O2 evolution plots (A, D) are different than those on the 
uncompensated contribution plots (B, C, E, F). 
 
Figure 3.21. Uncompensated contributions of LCI1 (B, E) and LCIB (C, F) in an 
lcia mutant background. Uncompensated contribution in pH 6 (open squares), pH 
7.3 (closed squares) and pH 9 (red circles) is plotted against calculated CO2 
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concentration (left) and HCO3– concentration (right). The CO2 concentration range 
covered is 0–250 µM and the HCO3– concentration range is 0–1200 µM. A and D 
are the original O2 evolution rates of the lcia mutant alone. Note that the Y-axis 
scales on the original O2 evolution plots (A, D) are different than those on the 
uncompensated contribution plots (B, C, E, F). 
3.4.3. LCI1 and LCIA uncompensated contributions in an lcib mutant 
background as a function of HCO3– and CO2 concentrations 
It has been demonstrated that lcib mutants cannot survive in air-level CO2 
concentrations, but exhibit normal growth and nearly normal photosynthesis in very 
low CO2. The apparent normal growth and photosynthesis in very low CO2 is 
reportedly supported by LCIA-associated HCO3– transport, which compensates for 
the absence of LCIB (Wang and Spalding, 2014a). Above air-level CO2, the growth 
of lcib mutants is normal, and its photosynthetic O2 evolution is recovered. Normal 
growth and improved photosynthesis above air-level CO2 has been suggested to 
result from passive CO2 diffusion. In order to better understand the role of LCI1 in 
CO2 uptake and/or HCO3– transport, we closely analyzed the uncompensated 
contribution of LCI1 in pmp1, an lcib mutant in which LCIB is absent.  
In the absence of LCIB, the pattern of LCI1 uncompensated contribution as 
a function of calculated CO2 concentration appeared slightly different in each pH. 
In very low CO2 (≤ 5 µM CO2), the LCI1 uncompensated contribution in pH 6 and 
pH 7.3 was nearly identical, but at pH 9, it was higher than that of pH 6 and pH 7.3 
(Figure 3.22 B). On the other hand, pattern of LCI1 uncompensated contribution in 
5–20 µM CO2 was fairly steady at pH 6 but fluctuated at pH 7.3, with a peak 
between 5–10 µM CO2. Above 20 µM CO2, the pattern of LCI1 uncompensated 
contribution increased relatively steadily at pH 6 and rose in a fluctuating pattern 
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at pH 7.3 (Figure 3.23 B). A comparison between the LCI1 uncompensated 
contribution in pmp1 with the O2 evolution responses of pmp1 alone (Figure 3.22 
A and Figure 3.23 A) shows that the peculiar pattern of LCI1 uncompensated 
contribution at pH 7.3 and pH 9 is dictated by the overall O2 evolution profile of 
pmp1, presumably resulting from the need to compensate for the absence of LCIB. 
Despite the somewhat odd pattern of LCI1 uncompensated contribution at pH 7.3, 
the substantial increase of LCI1 uncompensated contribution in the absence of 
LCIB seen above 20 µM CO2 at both pH 6 and pH 7.3 (Figure 3.23 B) indicates 
that LCI1 appears to at least partially compensate above air level of CO2 for the 
absence of LCIB.  
When plotted as a function of the calculated HCO3– concentration, rather 
than the CO2 concentration, the LCI1 uncompensated contribution in the pmp1 
background increased at both pH 6 and pH 7.3, but increases were seen in 
different HCO3– concentration ranges at the two pHs (Figure 3.22 E and Figure 
3.23 E). In pH 6, a first increase occurred below 5 µM HCO3– and the second 
increase above 10 µM HCO3–. By contrast, at pH 7.3 the first increase occurred 
above 30 µM HCO3– and the second increase occurred above approximately 200 
µM HCO3–. At pH 9, an increase similar to that at pH 7.3 was seen at around 200 
µM HCO3–.  
Furthermore, within the same HCO3– concentration range, the LCI1 
uncompensated contribution in acidic pH was always higher than that at alkaline 
pH. For example, between 10 to 100 µM HCO3–, the LCI1 uncompensated 
contribution at pH 6 was higher than that at pH 7.3 and at pH 9 (Figure 3.22 E), 
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and at higher HCO3– concentrations, between 100 to 1000 µM HCO3–, the LCI1 
uncompensated contribution at pH 7.3 was higher than that at pH 9 (Figure 3.23 
E). These results are consistent with the profile of LCI1 uncompensated 
contributions in the wild-type and lcia mutant backgrounds, which argue that CO2 
is the preferred Ci species used by LCI1. 
  
Figure 3.22. Uncompensated contributions of LCI1 (B, E) and LCIA (C, F) in a 
pmp1 strain (lcib mutant background). Uncompensated contribution in pH 6 (open 
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squares), pH 7.3 (closed squares) and pH 9 (red circles) is plotted against the 
calculated CO2 concentration (left) and the HCO3– concentration (right). The CO2 
concentration range covered is 0–25 µM and the HCO3– concentration range is 0–
120 µM. A and D are the original O2 evolution rates of the pmp1 mutant alone. 
Note that the Y-axis scales on the original O2 evolution plots (A, D) are different 
than those on the uncompensated contribution plots (B, C, E, F). 
 
Figure 3.23. Uncompensated contributions of LCI1 (B, E) and LCIA (C, F) in a 
pmp1 strain (lcib mutant background). Uncompensated contribution in pH 6 (open 
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squares), pH 7.3 (closed squares) and pH 9 (red circles) is plotted against the 
calculated CO2 concentration (left) and the HCO3– concentration (right). The CO2 
concentration range covered is 0–250 µM and the HCO3– concentration range is 
0–1200 µM. A and B are the original O2 evolution rates of the pmp1 mutant alone. 
Note that the Y-axis scales on the original O2 evolution plots (A, D) are different 
than those on the uncompensated contribution plots (B, C, E, F). 
A substantial increase of LCIA uncompensated contribution in the absence 
of LCIB was seen in all tested pHs. When plotted as a function of calculated CO2 
concentration, a gradual increase in LCIA uncompensated contribution with 
increasing CO2 was observed in very low CO2 at all pHs (Figure 3.22 C). 
Furthermore, in very low CO2, the magnitude of the LCIA uncompensated 
contribution at alkaline pH was higher than that at acidic pH, as illustrated by a 
higher uncompensated contribution at pH 9 compared to those at pH 7.3 and pH 
6.  
In air-level CO2, LCIA uncompensated contribution at pH 6 was fairly 
constant and remained lower than at pH 7.3. At pH 7.3, LCIA uncompensated 
contribution peaked at around 6 µM CO2 before declining gradually with increasing 
CO2 to a low point at 20 µM CO2, above which concentration it again increased to 
reach a plateau at about 50 µM CO2 (Figure 3.22 C and Figure 3.23 C). At pH 6, 
LCIA uncompensated contribution above 20 µM CO2 increased slightly with 
increasing CO2. However, at both pH 6 and 7.3, LCIA uncompensated contribution 
above 20 µM CO2 was relatively constant compared to the substantial increase of 
LCI1 uncompensated contribution in this CO2 range (Figure 3.23 C and B).  
The pattern of LCIA uncompensated contribution in the pmp1 background 
plotted as a function of HCO3– concentration was similar to that of LCI1 
uncompensated contribution, in that the HCO3– concentration range where 
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increased uncompensated contribution occurred was different at each pH. Even 
though they shared a similar pattern, LCIA uncompensated contribution was higher 
at alkaline pH than at acidic pH, in contrast to LCI1 uncompensated contribution, 
which was the reverse, i.e., higher at acidic pH than at alkaline pH.  As seen in 
Figure 3.22 F, LCIA uncompensated contribution in the pmp1 mutant background 
was higher at pH 7.3 than at pH 6 in 10–100 µM HCO3–, and, at higher HCO3– 
concentrations, the LCIA uncompensated contribution was slightly higher at pH 9  
than at pH 7.3 (Figure 3.23 F). This overall profile of LCIA uncompensated 
contributions to be consistent with its reported role in HCO3– transport.  
Because the patterns of LCI1 and LCIA uncompensated contributions in the 
absence of LCIB appeared to be strongly influenced by the O2 evolution response 
pattern of pmp1 alone (Figure 3.22 and Figure 3.23, A, B), we also calculated the 
uncompensated contribution for LCI1 and LCIA as a percentage of the total 
photosynthetic O2 evolution rates of pmp1 alone, and plotted these percentages 
as a function of the calculated CO2 and HCO3– concentrations. As seen in Figure 
3.24, when plotted as a function of CO2 concentration, the percentage of LCIA 
uncompensated contribution in very low CO2 was highest in the two alkaline pHs, 
contributing up to about 80% of total pmp1 photosynthesis at both pH 9 and pH 
7.3, while contributing only about 65% in the more acidic pH 6. As the CO2 
concentration increased, the percentage of LCIA uncompensated contribution in 
the pmp1 background slowly declined at both pH 6 and pH 7.3, reaching its lowest 
level, approximately 30% of pmp1 total O2 evolution rates, at >25 µM CO2. These 
observations are consistent with photosynthetic O2 evolution of pmp1 (lacking 
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LCIB) being mainly supported by LCIA in the very low CO2 range, but less 
dependent on LCIA as CO2 concentrations increase. 
In contrast, the percentage of LCI1 uncompensated contribution in the 
pmp1 background was much lower in very low CO2 than that of LCIA, with the 
highest percentage of LCI1 uncompensated contribution in very low CO2 being 
only approximately 35% of the total O2 evolution in pmp1 alone at pH 9, and even 
lower at pH 7.3 and pH 6. When CO2 concentration increased above 5 µM, the 
percentage of LCI1 uncompensated contribution also increased. Interestingly, 
LCI1 contributed up to approximately 50% of total O2 evolution in pmp1 at CO2 
concentrations above 25 µM (Figure 3.24 B), which was higher than the LCIA 
uncompensated contribution under the same conditions. These data suggest that, 
in contrast to the apparent dependence of pmp1 mutant photosynthesis on LCIA 
in very low CO2, pmp1 photosynthesis depends more on LCI1-mediated Ci uptake 
at higher than air-level CO2 concentrations.  
As shown in Figure 3.25, when plotted as a function of  HCO3– concentration 
in the pmp1 background, the percentage of LCI1 uncompensated contribution was 
significantly higher in acidic pH than in alkaline pH, whereas the percentage of 
LCIA uncompensated contribution was the reverse, higher in alkaline pH than in 
acidic pH. These data are consistent with the profile of the total LCI1 
uncompensated contribution (Figure 3.22 and Figure 3.23) and argue that CO2 is 
the preferred Ci species used by LCI1. LCIA, on the other hand, showed a 
preference for HCO3– species, as indicated by a higher percentage of LCIA 
uncompensated contribution, as well as a higher total uncompensated contribution 
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(Figure 3.22 and Figure 3.23) to photosynthesis in the pmp1 mutant background 
in alkaline relative to acidic pH. Furthermore, above 5 µM CO2, the percentage of 
LCIA uncompensated contribution declined as the HCO3– concentration increase, 
and significant decrease was seen in acidic versus alkaline pH, which is consistent 
with the previous suggestion that LCIA-mediated HCO3– uptake is inhibited by CO2 
concentration (Wang and Spalding, 2014a). 
 
 
Figure 3.24. Percentage of LCI1 (A, B) and LCIA (C, D) uncompensated 
contribution to photosynthesis in a pmp1 mutant background. The percentage in 
pH 6 (open triangles), pH 7.3 (closed triangles) and pH 9 (red triangles) is plotted 
as a function of the calculated CO2 concentrations of 0–25 µM (A, C) and 0–250 
µM (B, D).    
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Figure 3.25. Percentage of LCI1 (A, B) and LCIA (C, D) uncompensated 
contribution to the photosynthesis in a pmp1 mutant background. The percentage 
in pH 6 (open triangles), pH 7.3 (closed triangles) and pH 9 (red triangles) is plotted 
as a function of calculated HCO3– concentrations of 0–120 µM (A, C) and 0–1200 
µM (B, D). 
4. Discussion 
The Chlamydomonas LCI1 (limiting-CO2 inducible1) protein reportedly 
participates in the active Ci uptake across the plasma membrane. Overexpression 
of LCI1 in high CO2 conditions increased internal Ci accumulation and 
photosynthesis in a regulatory mutant, lcr1, lacking expression of several CCM 
genes including LCI1 (Ohnishi et al., 2010). However, the exact role of LCI1 in 
operation of the CCM has remained obscure. The function of LCI1 in multiple CO2 
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acclimation states and its preferred Ci species, are two fundamental questions of 
interest. Here we aimed to answer the above questions through physiological 
analysis of an LCI1 loss-of-function mutant.   
4.1. The impact of an LCI1 mutation in various CO2 acclimation states 
It has been previously reported that, based on the photosynthetic CO2 
affinity and other physiological features in a wild-type strain, at least three distinct 
CO2 acclimation states occur in Chlamydomonas: a high CO2 (0.5–5% CO2), a low 
CO2 (0.03%–0.4% CO2) and a very low CO2 (<0.02% CO2) state (Vance and 
Spalding, 2005). Recent genetic and physiological studies of CCM mutants have 
revealed molecular mechanisms and key components that support the operation 
of CCM in the low CO2 and very low CO2 acclimation states. In low CO2, specifically 
in air-level CO2 (0.03–0.05% CO2), active Ci uptake is predominantly supported by 
an LCIB-based CO2 uptake system. In very low CO2, both an HLA3/LCIA-based 
HCO3– uptake system and an LCIB-based CO2 uptake system are major 
contributors to Ci uptake pathways, and they appear to play complementary 
functions (Wang and Spalding, 2014a).  
4.1.1. Very low CO2 acclimation state 
The lack of any detectable growth defects under very low CO2 conditions in 
either the l1b (lci1-lcib) or the l1a (lci1-lcia) double mutant at any tested pH, as 
revealed in spot tests, is in contrast to the lab (lcia-lcib) double mutant, which died 
in very low CO2 conditions, and is consistent with their normal or in some cases, 
only slightly decreased, rates of photosynthesis in very low CO2 (see Figure 3.2, 
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Figure 3.3, and Figure 3.5). The decreased photosynthesis in l1a at pH 9 in very 
low CO2 is apparently due to the absence of LCIA, rather than LCI1, because lci1 
exhibited normal photosynthesis under these conditions, whereas both l1a and lcia 
showed similar but decreased photosynthesis (see Figure 3.7). Taken together, 
these observations indicate that, in all tested pHs, the absence of LCI1 in the lcia 
mutant background had no significant impact on photosynthesis in very low CO2.  
In a similar vein, since the magnitude of the decrease in l1b O2 evolution 
seen at pH 9 was not as severe as that of lab, in which both LCIA and LCIB are 
missing (see Figure 3.15), and since the decreased photosynthesis in l1b at pH 9 
did not detectably reduce growth, it appears that the remaining CCM components 
responsible for Ci uptake in the absence of both LCI1 and LCIB are able to provide 
sufficient CO2 for Rubisco to achieve adequate photosynthetic rates for survival in 
very low CO2. Since the ratio of HCO3– to CO2 is extremely high at pH 9, l1b 
photosynthesis in very low CO2 at pH 9 should be supported mainly by the HLA3-
LCIA HCO3– transport system. This conclusion is consistent with previous reports 
that HLA3-LCIA co-knockdown strains and HLA3-LCIA double-insertion mutants 
both exhibited severely impaired growth and substantially decreased 
photosynthetic Ci affinity at pH 9 (Duanmu et al., 2009a; Yamano et al., 2015).  
The apparently normal photosynthesis of double mutants l1b and l1a in very 
low CO2 indicates either that LCI1 plays no role in Ci uptake in very low CO2 or 
that the presence of LCIA or LCIB compensates for or masks the absence of LCI1. 
It has been previously reported that Ci uptake is supported by two distinct systems 
in the very low CO2 range, i.e., that the cooperative transport of HCO3– by HLA3 
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and LCIA, in combination with LCIB-mediated active CO2 uptake provides Ci under 
these conditions. Furthermore, these two systems appear to play complementary 
roles, as clearly seen in the uncompensated contribution of LCIA and LCIB in the 
very low CO2 range, where, in very low CO2 at all tested pHs, the LCIB 
uncompensated contribution was significantly increased in response to the 
absence of LCIA, and the LCIA uncompensated contribution was increased in 
response to the absence of LCIB (see Figure 3.16).  
In contrast, the observation that the LCI1 uncompensated contribution was 
unaffected in the absence of either LCIA or LCIB, specifically in pH 6 and pH 7, 
indicates that the HCO3– and CO2 uptake systems that support the photosynthesis 
in very low CO2 do not depend on LCI1, at least not at neutral or acidic pH (see 
Figure 3.16). However, since the uncompensated contribution in very low CO2 for 
both LCI1 and LCIA was increased specifically at pH 9 in the absence of LCIB, 
both LCIA and LCI1 seem to be necessary to maintain normal photosynthesis 
under these conditions. LCIB appears to be critical both to capture CO2 entering 
the cell and to prevent CO2 leakage from the pyrenoid, so both LCIA and LCI1 
seem to contribute to maintaining normal photosynthesis in pH 9 where the HCO3-
/CO2 ratio is very high, although the exact role of LCI1 in this specific condition is 
unclear.  
Recent genetic and physiological studies of an LCIA insertional mutant and 
in strains co-overexpressing LCI1 and LCIA indicated no direct involvement of 
LCI1 with LCIA in HCO3- transport (Yamano et al., 2015), which is consistent with 
our observation of normal photosynthesis in the LCI1 single mutant at pH 9. 
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However, based on in vitro interactome analysis using affinity-purification mass 
spectrophotometry, Mackinder et al. (2017) reported that LCI1 formed a complex 
with HLA3, a putative HCO3– transporter in the plasma membrane that works 
cooperatively with LCIA to transport HCO3–.  In the same study, both LCI1 and 
HLA3 also reportedly formed a complex with the plasma membrane P-ATPase 
transporter, ACA4. If this complex also is present in vivo, it may suggest that loss 
of LCI1 could compromise the integrity of the complex and affect its ability to 
support HCO3– transport, especially at pH 9 where the HCO3–/CO2 ratio is 
extremely high. If the absence of LCI1 compromises the function of the HLA3-LCIA 
HCO3– transport system even partially, this could explain the decrease in l1b O2 
evolution rates at pH 9. However, this notion is highly speculative and needs to be 
tested rigorously. 
Nevertheless, our data indicate that the absence of LCI1 has little impact 
on photosynthesis and growth in the very low CO2 range under most conditions. 
However, we cannot rule out the possibility of LCI1 involvement in Ci uptake in 
very low CO2, because we could not measure the full effect of an LCI1 mutation 
due to the possibility that LCIA and LCIB mediated Ci uptake systems play 
complementary roles and thus compensate or mask the impact of an LCI1 
mutation. 
4.1.2. Low CO2 acclimation state 
Even though the Ci species (CO2 and HCO3–) composition and CO2/ HCO3– 
ratio in pH 6 and pH 7.3 are quite different, the negative impact of an LCI1 mutation 
on photosynthesis in a wild-type, an lcia mutant and an lcib mutant background 
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occurred in both pHs in a similar CO2 concentration range rather than at a similar 
total Ci or HCO3– concentration. In both pH 6 and pH 7.3, decreased O2 evolution 
in the absence of LCI1 was seen in a CO2 concentration range corresponding to a 
low CO2 acclimation state. This response is similar to the severe inhibition of 
photosynthetic O2 evolution in low CO2 observed at both pHs in the absence of 
LCIB, which demonstrated that LCIB is essential in active CO2 uptake in low CO2 
(Wang and Spalding, 2014a).  
The LCI1 mutation also decreased the maximum photosynthetic rate in all 
background strains, and co-segregation analysis in genetic crosses between l1b 
and 21gr showed that the LCI1 mutation co-segregated with decreased maximum 
photosynthetic rate (Chapter 2), which demonstrated that lower photosynthesis in 
both lci1 and l1b resulted from the LCI1 mutation. Based on these results, we can 
conclude that the decreased photosynthesis in l1a also can be attributed to the 
absence of LCI1.  
Previous studies have demonstrated that LCIB is a vital component of the 
CO2 uptake system that supports photosynthesis in the low CO2 range and that 
LCIB is irreplaceable in air-level CO2 (10–18 µM or 0.03–0.05% CO2). 
Nonetheless, since the impact of LCI1 mutation in wild type and lcia mutant 
backgrounds begins between 5–10 µM CO2 and remains relatively constant 
between 10–165 µM CO2, the absence of LCI1 also has a substantial impact in 
low CO2. This impact in low CO2 is illustrated by the relatively constant 
uncompensated contribution of LCI1 in the wild-type and lcia mutant backgrounds 
in this CO2 concentration range (see Figure 3.17). Thus, physiological analysis of 
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lci1 and l1a shows that, in addition to LCIB, LCI1 may also contribute to active Ci 
uptake in air-level CO2, possibly also contributing to active CO2 uptake in the low 
CO2 range.  
In the low CO2 range, the combined absence of both LCI1 and LCIB in the 
l1b double mutant had substantial negative impact on Ci-dependent O2 evolution 
at both pH 6 and pH 7.3. In addition, this impact appears additive, which argues 
that LCIB and LCI1 may function in different CO2 uptake pathways (see Figure 
3.11 and Figure 3.13). In air-level CO2, the absence of LCI1 has less impact than 
the absence of LCIB, because the difference in O2 evolution rates between pmp1 
and l1b is less than that between lci1 and l1b. These results are consistent with 
previous conclusions that LCIB is the main CCM protein involved in active CO2 
uptake in air-level CO2 and is essential under these conditions.  
Above air-level CO2, O2 evolution rates of pmp1 in both pH 6 and pH 7.3 
progressively recovers and reaches the wild-type level at higher CO2 
concentrations (~150 µM CO2 at pH 6 and ~200 µM at pH 7.3), suggesting that 
LCIB plays a less essential role in this CO2 concentration range, which is 
consistent with previous suggestions that CO2 diffusion alone may be sufficient to 
support the photosynthesis under these conditions. However, the negative impact 
of an LCI1 mutation on photosynthetic O2 evolution above air-level CO2 in the wild 
type, the lcib mutant and the lcia mutant backgrounds argues that CO2 diffusion 
alone is not sufficient to sustain normal photosynthesis above air-level CO2, and 
that active Ci uptake associated with LCI1 is still required to achieve normal 
photosynthesis even though it may not be essential for growth survival. 
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Furthermore, when O2 evolution rates of pmp1, l1b and lab are compared, it is 
obvious that the absence of both LCIA and LCIB has much lesser impact above 
air-level CO2 compared to the absence of both LCI1 and LCIB (see Figure 3.14). 
Taken together, the O2 evolution data from the various mutants and mutant 
combinations indicates that the gradual improvement of O2 evolution seen in pmp1 
above air-level CO2 cannot be entirely dependent on passive CO2 diffusion, but 
that it also apparently relies on active CO2 uptake mediated in some way by LCI1. 
Therefore, these results argue that an important role of LCI1 in the CCM is likely 
through active CO2 uptake in the low CO2 range, especially above air-level CO2.  
Consistent with previous results (Wang and Spalding, 2014a), LCIA 
function appeared to be inhibited by increasing CO2 concentrations as judged by 
the gradual decline in the percentage of LCIA contribution in the pmp1 background 
plotted as a function of CO2 (see Figure 3.24). Additionally, it is apparent that LCIA 
and LCI1 function on two different Ci uptake pathways in supporting 
photosynthesis in the absence of LCIB. LCIA appears to be essential in very low 
CO2 and LCI1 appears to be important in the low CO2 range, particularly above 
air-level CO2.  
In addition to demonstrating an important role for LCI1 in low CO2 levels 
specifically above air-level CO2, we also found that LCI1 and LCIB appeared to 
play complementary roles above air-level CO2. Under these conditions, LCI1 
uncompensated contribution increased significantly in the pmp1 mutant 
background but remained constant in the wild type or lcia backgrounds, whereas 
LCIB uncompensated contribution was relatively steady in an lci1 mutant 
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background but declined sharply in the wild type and lcia mutant backgrounds (see 
Figure 3.17). Thus, LCI1 and LCIB appeared to compensate for the loss of the 
other.  
LCIA uncompensated contribution on the other hand, was undetected in an 
lci1 background, and, although it increased in the absence of LCIB, its highest 
contribution level was seen in very low CO2, and was relatively constant and lower 
than that of LCI1 above air-level CO2.  These results suggest that, above air-level 
CO2, LCIA plays only a minor role, but that LCI1 and LCIB are two main CCM 
components that work in parallel in active Ci uptake from the environment to 
support photosynthesis.  
4.2. LCI1 Ci species preferences  
Ohnishi et al. (2010) previously demonstrated that conditional expression 
of LCI1 in the lcr1 regulatory mutant stimulated Ci consumption measured as light-
dependent CO2 exchange (LCE), but they could not distinguish the Ci species 
preferences of LCI1 because the pH shift from 6.2 to 7.8 did not alter the LCE 
activity in the overexpression lines. To shed additional light on the Ci species 
preferred by LCI1, we closely examined Ci-dependent photosynthetic O2 evolution 
of the LCI1 single mutant and the double mutants of LCI1-LCIA and LCI1-LCIB at 
pH 6, pH 7.3 and pH 9 and compared their O2 evolution characteristics with those 
of LCIA and LCIB single mutants and the LCIA-LCIB double mutant.   
Photosynthetic O2 evolution of the LCI1 single mutant showed significant 
decrease in pH 6 and pH 7.3 but not in pH 9, which is similar to the pattern seen 
with the LCIB single mutant. Since the relative abundance of CO2 is higher in pH 
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6 and pH 7.3 compared to pH 9, the decreased O2 evolution at pH 6 and pH 7.3 in 
the absence of LCI1 or LCIB suggests that CO2 is the preferred Ci species of both 
LCI1 and LCIB, which is consistent with previous conclusions regarding LCIB 
function (Duanmu et al., 2009b; Wang and Spalding, 2014a, b). In contrast, the 
LCIA single mutant exhibited normal photosynthesis in pH 6 and pH 7.3 but a 
significant decrease in O2 evolution at pH 9, where HCO3– is very abundant, 
consistent with previous reports that LCIA functions in HCO3– uptake (Wang and 
Spalding, 2014a; Yamano et al., 2015). To further investigate the LCI1 Ci species 
preference, we closely analyzed the LCI1 uncompensated contributions to 
photosynthesis in a wild type, lcia mutant and lcib mutant backgrounds and 
compared them with the uncompensated contributions of LCIB and LCIA, which 
are clearly linked to active CO2 uptake and active HCO3– transport, respectively.  
Consistent with the well-documented function of LCIB in active CO2 uptake, 
the LCIB uncompensated contribution in either a wild type or an lcia mutant 
background as a function of CO2 concentration was very similar at pH 6 and 7.3, 
demonstrating that the 20-fold higher HCO3–/CO2 ratio in pH 7.3 did not have 
significant impact (see Figure 3.18, Figure 3.19, Figure 3.20 and Figure 3.21). In 
addition, LCIB uncompensated contribution as a function of HCO3– concentration 
in both the wild type and lcia backgrounds was higher in acidic compared to 
alkaline pH. However, when plotted as a function of CO2 concentration in the lcia 
background, LCIB uncompensated contributions below 20 µM CO2 at pH 9 and pH 
7.3 were higher than at pH 6, although this trend only occurred below 20 µM CO2 
(see Figure 3.20 and Figure 3.21). Since all other results strongly argue for an 
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LCIB preference for CO2, this apparent response of LCIB to HCO3– below 20 µM 
CO2 probably reflects increased need to compensate for the missing LCIA HCO3– 
uptake under these conditions. Taken together, these results in the wild type and 
lcia mutant backgrounds (see Figure 3.18, Figure 3.19, Figure 3.20 and Figure 
3.21) all clearly demonstrate and confirm that LCIB, which has been demonstrated 
previously to be associated with active CO2 uptake, shows a distinct preference 
for CO2 rather than HCO3– when both Ci species are present.  
When evaluating the LCIA uncompensated contribution, we observed that, 
in the wild-type background, regardless of whether plotted as a function of CO2 or 
of HCO3–, the uncompensated contribution of LCIA at pH 6 and pH 7.3 was near 
zero or even negative, indicating that any LCIA contribution to Ci uptake under 
these conditions could be fully compensated by other CCM components (see 
Figure 3.18 and Figure 3.19). Consistent with the established role of LCIA in HCO3– 
transport, only at pH 9, where HCO3–/CO2 ratio is extremely high, was LCIA 
uncompensated contribution in the wild-type background markedly above zero. In 
the absence of LCIB, however, the LCIA uncompensated contribution at pH 9 and 
pH 7.3 increased, and, over a  similar CO2 concentration range, the LCIA 
uncompensated contribution in the pmp1 background was higher at alkaline pH 
than at acidic pH (see Figure 3.22 and Figure 3.23), indicating a preference for 
HCO3– over CO2. Taken together, the LCIA uncompensated contribution results 
clearly confirm the previously demonstrated LCIA preference for HCO3– rather than 
CO2.   
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The profile for LCI1 uncompensated contribution in either a wild-type or an 
lcia mutant background is similar to that of LCIB rather than of LCIA, strongly 
arguing that, like LCIB, LCI1 prefers CO2 over HCO3– as substrate (see Figure 
3.18, Figure 3.19, Figure 3.20 and Figure 3.21). Within the same CO2 
concentration range, the LCI1 uncompensated contribution in alkaline pH 
appeared very similar to that in acidic pH, indicating that the higher HCO3– 
abundance in alkaline pH has little or no impact on LCI1 function. If LCI1 was taking 
up HCO3–, we would expect to see higher LCI1 uncompensated contribution in 
alkaline pH when plotted as a function of CO2 concentration, as we saw with LCIA. 
Consistent with the conclusion that LCI1 prefers CO2, in the same HCO3– 
concentration range, LCI1 uncompensated contribution in acidic pH is significantly 
higher than that of the alkaline pH even at higher HCO3– concentration. Taken 
together, these data from the wild type and lcia mutant backgrounds argue that 
LCI1 shows a strong preference for CO2 over HCO3–.   
The results for LCI1 uncompensated contribution when LCIB is missing in 
the pmp1 mutant background are more complex, however. In this background, 
LCI1 uncompensated contribution as a function of CO2 concentration showed a 
complex response pattern compared to those in the wild type and lcia 
backgrounds. In the absence of LCIB, the LCI1 uncompensated contribution in 
alkaline pH increased but only over a specific CO2 concentration range (<5 µM in 
pH 9 and 5-10 and 25-100 µM in pH 7.3) in a pattern somewhat resembling but 
lower in magnitude than that seen for LCIA uncompensated contribution (see 
Figure 3.22 and Figure 3.23). This unusual response pattern for LCI1 
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uncompensated contribution in pH 7.3 at >5 µM CO2 is very similar to the actual 
O2 evolution pattern for pmp1 alone (see Figure 3.22 and Figure 3.23), which 
suggests that the pattern may be imposed by the lack of LCIB rather than by the 
response of LCI1 uncompensated contribution to the available Ci species.  
Through its unidirectional conversion of CO2 to HCO3–, LCIB is important to 
actively take up CO2 into the stromal Ci pool and to maintain the high Ci pool by 
capturing CO2 leakage from the pyrenoid. To cope with the absence of LCIB, an 
increased flux of Ci into the chloroplast through other existing Ci uptake systems 
may be needed to maintain a high stromal Ci pool, which, in this case, is reflected 
as increased uncompensated contribution of LCI1 and LCIA in alkaline pH. This 
argues that the apparent response of LCI1 or LCIA to HCO3– likely results from the 
necessity to compensate for the absence of LCIB. To further investigate this 
response, we analyzed the uncompensated contributions of LCI1 and LCIA in the 
pmp1 background as a function of the HCO3– concentration (see Figure 3.22 and 
Figure 3.23). Interestingly, within the same HCO3– concentration range, the LCIA 
uncompensated contribution is significantly higher in alkaline pH than in acidic pH, 
as expected given the preference of LCIA for HCO3–, whereas the LCI1 
uncompensated contribution is significantly higher in acidic pH than in alkaline pH, 
suggesting LCI1 prefers CO2.  
Since the uncompensated contribution patterns of LCI1 and LCIA in the 
pmp1 background are strongly dictated by the O2 evolution profile of pmp1 itself, 
we also calculated the percentage of LCI1 or LCIA uncompensated contribution to 
the photosynthesis of pmp1, hoping to minimize the influence of the LCIB absence 
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and tease out the responses of LCIA and LCI1 to Ci species (see Figure 3.25). As 
a function of calculated HCO3– concentration, the percentage of LCI1 contribution 
is higher at acidic pH than at alkaline pH, whereas the proportion of LCIA 
uncompensated contribution is significantly higher in alkaline pH than in acidic pH. 
Consistent with the results from the wild type and the lcia mutant backgrounds, in 
the pmp1 background, LCI1 still shows a clear preference for CO2 rather than 
HCO3–.  
The photosynthetic O2 evolution profiles of the LCI1 loss-of-function mutant 
in the wild type, the lcia and the pmp1 backgrounds showed that LCI1 function 
responds to CO2. Since LCI1 localizes in the plasma membrane when its 
expression is induced in limiting CO2 conditions (Ohnishi et al., 2010; Mackinder 
et al., 2017), and since the major contribution of LCI1 to Ci-dependent 
photosynthesis is observed in the low CO2 range, we hypothesize that the role of 
LCI1 in the CCM is to facilitate CO2 uptake across the plasma membrane, 
especially in the low CO2 concentration range.  
Facilitated CO2 transport by proteins across biological membranes has 
been well documented in many organisms, including plants and algae. The 
expression of human water channel aquaporin-1 (HsAQP1) reportedly enhanced 
CO2 permeability through the membrane of Xenopus oocytes (Nakhoul et al., 
1998).  In plants, the expression of plasma membrane aquaporin-1 from tobacco 
(NtAQP1) has been reported to increase cellular CO2 transport monitored by the 
fixation of 14CO2 during photosynthesis in tobacco leaf discs (Uehlein et al., 2003). 
Furthermore, recent data showed that NtAQP1 expression in tobacco leaves 
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increased in response to CO2 scarcity (Secchi et al., 2016). In addition to 
aquaporin, rhesus blood group-associated glycoproteins (RhAG) have been 
reported to facilitate NH3 and CO2 transport across the membrane of red blood 
cells (Ripoche et al., 2004; Soupene et al., 2004; Endeward et al., 2008). The 
homologs of human rhesus protein also are found in Chlamydomonas, and Rh1 
protein in particular, has been reported to be essential in high CO2 and may serve 
as CO2 channel in the Chlamydomonas plasma membrane (Soupene et al., 2004). 
In the marine diatom, Phaeodactylum tricornutum, where multiple aquaporins were 
reportedly localized in various cellular compartments, including the plasma 
membrane, constitutive expression of two plasma membrane aquaporins, PtAGP1 
and PtAGP2, reportedly increased CO2 and NH3 permeability (Matsui et al., 2018).  
4.3. A hypothetical model of the Chlamydomonas CCM  
Rapid changes of Ci concentration in an aquatic environment can often 
occur on a regular basis, and this situation is exacerbated by the slow diffusion of 
CO2 in water, increasing cell populations, high photosynthetic activity, and pH 
fluctuations. Chlamydomonas adapted to these challenges by developing multiple 
limiting CO2 acclimation states (Vance and Spalding, 2005). In addition, several 
distinct Ci uptake systems have been discovered and demonstrated to function in 
different limiting CO2 acclimation states in Chlamydomonas (Wang and Spalding, 
2014a). The hypothetical model presented in Figure 3.26 describes the proposed 
role of LCI1, a putative plasma membrane Ci transporter, as well as those of two 
well-studied Ci uptake systems, LCIA-mediated HCO3– uptake and LCIB-based 
CO2 uptake, in the scheme of the Chlamydomonas CCM.  
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As shown in Figure 3.26 A, LCIA-mediated HCO3– uptake and LCIB-based 
CO2 uptake are two main pathways that contribute to the internal Ci accumulation 
in the very low CO2 acclimation state. HCO3– uptake across the plasma membrane 
and the chloroplast envelope is mostly driven by HLA3 and LCIA, respectively. 
Since movement of HCO3– into the chloroplast occurs against an inside-negative, 
electrical gradient, the cooperative function of both LCIA, a putative chloroplast 
envelope channel, and HLA3, a plasma membrane ATP-binding-cassette 
transporter, are required, as demonstrated by the improved HCO3– uptake when 
both proteins are over-expressed, as well as the report that HLA3 expression 
appears to depend on the presence of LCIA (Gao et al., 2015; Yamano et al., 
2015). The transported HCO3– accumulates in a stromal pool, and, following its 
entry into the lumen via a hypothesized channel/transporter, this stromal HCO3– is 
dehydrated by lumen carbonic anhydrase, CAH3, to generate a high concentration 
of CO2 for Rubisco in the pyrenoid.  
LCIB also plays an important role in building and maintaining the stromal Ci 
pool in very low CO2, especially when LCIA is absent. The biochemical function of 
LCIB apparently is to unidirectionally dehydrate CO2 to HCO3–, thus capturing 
either CO2 entering the chloroplast or CO2 leaking from the pyrenoid by 
dehydrating it to HCO3–, thereby feeding it into the stromal HCO3– pool.  The crystal 
structure of LCIB revealed that its folding, metal binding motif and putative active 
site arrangement are very similar to those of the β-carbonic anhydrase family. 
Interestingly, LCIB purified from Chlamydomonas lacked carbonic anhydrase (CA) 
activity (Jin et al., 2016). In order for LCIB to trap CO2 entering the cell or leaking 
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from the pyrenoid by dehydrating it to HCO3–, Jin et al. (2016) argue that CA activity 
would need to be deactivated to allow Ci buildup in the stroma, because active CA 
would maintain HCO3– and CO2 balance, thus potentially compromising the 
stromal Ci pool concentration. One could speculate that activation/deactivation of 
LCIB CA activity is tightly controlled in some way based on need for the activity. 
Obviously, this area needs a lot more work and is ripe for further research.   
LCIB changes its location from being dispersed throughout the stroma to 
concentrating around the periphery of the pyrenoid in very low CO2, possibly to 
enhance its ability to trap into the stromal Ci pool any excess, un-fixed CO2 leaking 
from the pyrenoid under conditions where HCO3– transport via HLA3 and LCIA is 
most active and provides abundant HCO3– directly into the stromal Ci pool.  
The involvement of LCIB in capturing CO2 entering the cell must be aided 
by some mechanism to provide CO2 to the chloroplast stroma, so possibly 
facilitated by LCI1 or another, unidentified transporter/channel or by simple passive 
diffusion. In the very low CO2 acclimation state, CO2 and the HCO3– uptake 
pathways appeared to be complementary, thus the absence of one system can be 
replaced by another. It is possible, though far from demonstrated, that HCO3– 
transport is the primary pathway under these conditions, and that LCIB-mediated 
CO2 uptake provides a back-up pathway when HCO3– uptake is compromised, 
e.g., when LCIA or HLA3 is absent. 
In low CO2, the majority of Ci uptake is mediated by CO2 uptake systems, 
as demonstrated by the lethality of lcib mutants in air-level CO2 and by the very 
low LCIA uncompensated contribution to Ci uptake in low CO2. In this hypothetical 
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model (Figure 3.26 B), we propose two parallel routes for CO2 uptake. First is the 
LCIB-based CO2 uptake pathway that is dominant in air level of CO2. LCIB is found 
dispersed throughout the stroma in cells acclimated to a low CO2. Because in air-
level CO2 HCO3- uptake activity is minimal and little or no Ci pool is generated in 
air-level CO2 in the absence of LCIB, the primary role of LCIB under these 
conditions apparently is to capture external CO2 entering the cell either via passive 
diffusion or facilitated diffusion or transport by LCI1 or another, unidentified protein, 
and to dehydrate the CO2 to bolster the stromal Ci pool (mostly in the form of 
HCO3–). LCIB also is proposed to trap any CO2 escaping from the pyrenoid (excess 
CO2 generated by CAH3) as is proposed in the very low CO2 acclimation state.  
The second, proposed pathway for CO2 uptake in low CO2 is through an 
LCIB-independent pathway involving LCI1. While LCIB plays a major role in Ci 
uptake in air-level CO2, our data suggest that LCIB contribution declines and LCI1 
contribution becomes more significant above air-level CO2. LCI1 could function as 
a channel that allows faster entry of CO2 across the plasma membrane, especially 
during high photosynthesis activity where rapid consumption of stromal Ci pool 
occurs, thus creating a CO2 concentration gradient from outside to inside and from 
the cytoplasm to the stroma. Since the LCIA-dependent HCO3– uptake system 
appears less active due to proposed CO2 inhibition, and since CO2 diffusion alone 
cannot keep up with the demand, the presence of a CO2 channel may be 
necessary to maintain the flow of CO2 and maintain the high Ci pool in the stroma. 
To date, there is no evidence of Ci accumulation in the cytosol, so, since the LCI1 
contribution to Ci uptake in low CO2 proceeds and even increases in the absence 
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of LCIB, the presence of some unidentified chloroplast envelope channel may work 
in coordination with LCI1 to provide CO2 uptake into the stroma and pyrenoid. 
Alternatively, CO2 might enter the chloroplast through passive diffusion. To further 
validate the role of LCI1 in active CO2 uptake, structural analysis and biochemical 
characterization of LCI1 will be very important.  
 
Figure 3.26. Models for Ci uptake pathway in very low CO2 (A) and low CO2 (B) in 
Chlamydomonas. Hypothesized functions are represented by dashed lines. 
Thicker arrows illustrate the main pathways of Ci from outside into the stroma. 
Green color represents the HCO3– uptake system and red color represents the 
CO2 uptake systems. CW, cell wall; PM, plasma membrane; ChE, chloroplast 
envelope. Detail explanation can be found in the discussion section. 
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CHAPTER 4. THE SUMMARY OF LCI1 PROPOSED ROLE IN CCM AND 
SUGESTED FUTURE DIRECTIONS OF LCI1 RESEARCH 
1. Summary 
Microalgae and cyanobacteria contribute roughly half of the photosynthetic 
carbon assimilation globally. In aquatic environments, these microorganisms have 
to deal with limited access to CO2 that can occur on a daily basis, thus they have 
evolved an efficient strategy known as a CO2 concentrating mechanism (CCM) to 
accumulate high levels of internal inorganic carbon (Ci) to maintain their 
photosynthetic performance. Among eukaryotic algae, significant advances to 
elucidate the CCM have been made using the model organism Chlamydomonas 
reinhardtii, in which the combination of molecular biology approaches, mutational 
analyses and physiological studies have revealed the function and molecular 
characteristics of many CCM components, including active Ci uptake systems. 
Fundamental to eukaryotic Ci uptake systems are Ci transporters/channels located 
within the membranes of various cell compartments. These transporters and 
channels together facilitate the movement of Ci from the environment eventually 
into the chloroplast, where the primary CO2 fixing enzyme, Rubisco, is located. In 
the plasma membrane, two putative Ci transporters, HLA3 and LCI1, have been 
shown to be directly involved in active Ci uptake. Based on overexpression studies, 
insertional mutant analyses, and knockdown studies, HLA3 clearly plays a 
meaningful role in HCO3– transport (Duanmu et al., 2009; Gao et al., 2015; 
Yamano et al., 2015). However, the function of the other putative plasma 
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membrane Ci uptake component, LCI1, is not yet fully understood. Thus far, data 
from studies of LCI1 function is limited to an overexpression study (Ohnishi et al., 
2010).  
Using recently published, indexed mutant collections generated within the 
Chlamydomonas Library Project (CLiP) (Li et al., 2016), we have identified a 
mutant strain containing insertion of the paromomycin resistance gene (Aph8) 
cassette into the LCI1 locus with a 73% confidence level. In Chapter 2, the insertion 
site of Aph8 was confirmed to be located in the second exon of the LCI1 structural 
gene, and it was demonstrated that this insertion completely eliminates any 
accumulation of LCI1 protein. While the absence of LCI1 had no significant impact 
on growth under any tested conditions, a modest decrease in Ci-dependent 
photosynthetic O2 evolution was observed in the LCI1 mutant specifically at pH 6 
and pH 7.3, but not at pH 9. Moreover, through genetic crosses to test inheritance 
and linkage, we demonstrated that the decrease in photosynthesis cosegregated 
with the LCI1 insertional mutation.  
In Chapter 3, Ci-dependent photosynthetic O2 evolution studies of double 
mutants LCI1-LCIB and LCI1-LCIA, lacking both LCI1 and either LCIB or LCIA, 
respectively, suggest the following: (1) LCI1 seems to be involved in active Ci 
uptake in the low CO2 range, especially above air-level CO2, but apparently plays 
very little role in the very low CO2 range; (2) in the low CO2 range, LCI1 and LCIB 
represent two, parallel CO2 active-uptake systems; (3) LCI1 shows a clear 
preference for CO2 rather than HCO3–, based on detailed analyses of total O2 
evolution profiles and of LCI1 uncompensated O2 evolution contributions at pH 6, 
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pH 7.3 and pH 9 in three, different genetic and mutational backgrounds. According 
to the results presented in Chapter 2 and Chapter 3, we conclude that LCI1 
appears to facilitate CO2 movement across the plasma membrane.  This 
conclusion is based completely on whole-cell physiological studies, so it needs to 
be tested rigorously at the biochemical level.   
Through personal communication with the Edward Yu lab and Martin 
Spalding, the Yu laboratory has resolved the LCI1 crystal structure to a resolution 
of 3.2 Å, an excellent resolution for a membrane protein. The determined structure 
indicated that LCI1 consists of four transmembrane helices and forms a 
homotrimeric functional unit with a putative channel likely representing a Ci 
transport passageway. Interestingly, the interior surface of the channel is 
extremely electronegative, indicating that this channel likely strongly favors 
transport of neutral or positively charged substrate molecules. Thus, the LCI1 
structure also appears to favor CO2 over HCO3–. Furthermore, molecular dynamics 
(SMD) simulations on LCI1 embedded in a membrane bilayer showed that CO2, 
but not HCO3–, can easily be migrated into the channel from the periplasm to the 
cytoplasm, but not in the reverse. Therefore, the structural data so far is consistent 
with physiological data obtained from LCI1 mutant studies, presented in Chapter 
2 and Chapter 3, and, together, the structural and physiological data suggest that 
LCI1 is involved in moving CO2 unidirectionally from the periplasm to the cytoplasm 
under conditions where external CO2 concentrations are above air-level.   
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2. Future Research Plan 
The research described in this dissertation provides a significant advance 
in our understanding of LCI1 and its functional role in the Chlamydomonas CCM.  
However, many questions remain unanswered regarding how LCI1 functions at 
the physiological, biochemical and structural levels.  A selection of questions I think 
should be and could be addressed include the following. 
2.1. Relationships between LCI1 and other plasma membrane Ci 
transporters  
Mackinder et al. (2017) have recently published a spatial interactome 
network map of the Chlamydomonas CCM by combining localization, function, and 
protein-protein interaction data. Using a large-scale affinity purification mass 
spectrometry (AP-MS) technique, they unexpectedly discovered that HLA3 and 
LCI1 physically interact, as indicated by a high confidence score (WD-score). 
Interestingly, when LCI1 was used as a bait, in addition to HLA3, ACA4, a P-type 
ATPase/cation transporter, also was found to physically interact with LCI1. 
Similarly, when HLA3 was used as a bait, in addition to LCI1, ACA4 was found to 
interact with HLA3. ACA4, a predicted plasma membrane localized protein, 
belongs to group IIIA family of P-type ATPs, and, in eukaryotes, this family group 
is known to be involved in H+ extrusion (Mackinder et al., 2017). Based on these 
data, the authors proposed that HLA3 and LCI1 form a complex and that both 
HLA3 and LCI1 also form a complex with ACA4.  They also speculated that ACA4 
might be involved in maintaining a plasma membrane H+ gradient or in creating an 
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alkaline cytosolic region to promote HCO3– transport. These data provoke some 
interesting questions:  
1. Are the interactions detected in vitro representative of real, in vivo 
interactions? 
2. Does the interaction or complex formation between LCI1 and ACA4 or HLA3 
and ACA4 have a meaningful impact on the Chlamydomonas CCM?  
3. Do all LCI1 and all HLA3 form a complex with ACA4? Or Does LCI1 form a 
complex with just HLA3 or with just ACA4?  
4. Does the interaction between HLA3 and LCI1 have a meaningful implication 
for the Ci uptake in Chlamydomonas CCM?  
To investigate the impact of ACA4 in CCM, genetic and physiological 
studies of ACA4 single mutant is very important. In the Chlamydomonas Library 
Project (CLiP) there are 5 putative ACA4 mutants containing insertions of Aph8 
gene in different genomic region of ACA4 gene (Li et al., 2016). Characterization 
and confirmation of these mutants followed by photosynthetic O2 evolution assays 
is necessary to confirm any contribution of ACA4 to the CCM. If LCI1 and/or HLA3 
depends on ACA4 activity, O2 evolution should be compromised in ACA4 single 
mutants. This approach could be extended to study the double mutants ACA4-
LCI1 and ACA4-HLA3 and the triple mutant ACA4-LCI1-HLA3 to further examine 
the interaction between these three proteins and to explore the role of ACA4 in 
active CO2 and HCO3– uptake. Another important aspect regarding ACA4 would 
be to confirm its localization in the plasma membrane using a specific antibody. 
Furthermore, physiological studies of LCI1 single mutant, HLA3 single mutant and 
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LCI1-HLA3 double mutant in various pHs also should enable us to see any impact 
of LCI1 and HLA3 interactions on Ci uptake in Chlamydomonas.  
Since neither the protein-protein interactions in a natural physiological 
environment nor the detailed protein complex assembly can be captured by the 
AP-MS approach, it is important to validate the physical interaction of these 
proteins in vivo and in vitro. A yeast two hybrid system could be utilized to confirm 
an in vivo complex formation, at least in yeast, between LCI1-HLA3, LCI1-ACA4, 
and HLA3-ACA4. In vitro validation can be carried out through estimation of 
complex molecular mass in non-denaturing condition using the same approach as 
previously described to elucidate LCIB-LCIC complex (Yamano et al., 2010). Size 
exclusion chromatography can be used to separate the isolated proteins from very 
low CO2 acclimated cells into different fractions that contains different sizes of 
protein complexes. The proteins from each fraction can be subjected to western 
blot and the complex detected using specific antibody (in this case, ACA4 specific 
antibody needs to be generated, while LCI1 and HLA3 antibodies are readily 
available). Fractions containing only LCI1 and HLA3 complex, for example, would 
react to both LCI1 and HLA3 antibodies. However, if LCI1 and HLA3 do not form 
a stable complex, the protein sample would react only with LCI1 or HLA3 
antibodies. The same approach can be used to investigate the LCI1-ACA4, HLA3-
ACA4, or LCI1-HLA3-ACA4 complex. Based on these results, the presence of 
each protein in the complex can be further confirmed by analyzing the peptide 
composition using MALDI–time of flight mass spectrometry (TOF MS)/MS 
analysis.  
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The combination of physiological studies in various mutant backgrounds 
with the in vitro and in vivo validation of protein complex formation and stability 
could provide more insights regarding potential functional interactions among 
these three plasma membrane proteins. It will be interesting to see whether and/or 
how this complex is involved in Ci uptake, since HLA3 is a critical component of 
the described HCO3– transport system and LCI1 appears to be involved in active 
CO2 uptake. 
2.2. LCI1 structure-function studies in vivo 
The structural solution for LCI1 provides a variety of potentially testable 
hypotheses regarding how LCI1 structure dictates and affects function at the 
molecular level, including the validation of key amino acids in the LCI1 
homotrimeric structure that are predicted to bind a CO2 molecule in the putative 
channel, as well as the identification of potential amino acids sequences 
responsible for protein-protein interaction. Yu lab has identified amino acid 
candidates that might be important for CO2 binding. Thus, replacing the non-
functional LCI1 in the existing LCI1 mutant with a series of modified LCI1 genes 
providing site-directed mutants, would represent a classic strategy and a very 
attractive potential pathway to validate key amino acids in the putative CO2 
channel of LCI1. Furthermore, it has been shown that specific amino acid motif 
i.e., GxxxG in transmembrane helices of integral membrane proteins can promote 
protein-protein interaction (Teese and Langosch, 2015). Since this motif also is 
found in LCI1, a similar, site directed mutational approach could be used to confirm 
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the functionality of this motif in protein-protein interaction, for instance between 
LCI1 and HLA3 or LCI1 and ACA4.  
However, since the LCI1 single-gene mutant and the LCI1-LCIB and LCI1-
LCIA double mutants exhibit only moderate decreases in Ci dependent O2 
evolution, and show no lethal growth phenotype in any tested condition, including 
all three defined CO2 acclimation states, it would be difficult to use any of these 
mutants to study LCI1 structure-function in vivo, e.g., for site-directed mutagenesis 
of LCI1 to confirm or refute current structural hypotheses. Thus, it may be 
necessary to find different conditions where existing mutants are conditionally 
lethal, or to generate different double mutants of LCI1, possibly with other Ci 
transporter candidates, that exhibit stronger, conditionally lethal growth 
phenotypes. If conditionally lethal genetic and environmental alternatives can be 
identified, these can be used to select for cell lines expressing the modified LCI1 
protein i.e., mutations in putative key amino acids in CO2 binding. The ability of the 
modified LCI1 protein to complement the absence of LCI1 will show that the 
predicted amino acid is not critical for CO2 binding. On the other hand, if the amino 
acid is important for CO2 binding, the mutant should express the modified protein, 
but the conditional lethal phenotype would not be recovered.   
2.3. LCI1 association with periplasmic carbonic anhydrase, CAH1 
The reported co-regulated expression of LCI1 and CAH1 by LCR1 
transcription factor (Yoshioka et al., 2004), together with their reported adjacent 
localization in the plasma membrane and periplasmic space, might suggest that 
these two proteins could have direct or indirect interaction that might facilitate CO2 
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uptake across the plasma membrane. In this case, CAH1 may provide CO2 supply 
for LCI1 through hydration of HCO3– in the periplasmic space. This speculation 
could be further tested using detailed analysis of Ci-dependent O2 evolution in 
LCI1-CAH1 double mutants, also in LCI1 and CAH1 single mutants at various pHs. 
Furthermore, this analysis could be expanded to include LCIA and LCIB mutants 
to see whether there is any impact of periplasmic carbonic anhydrase (CAH1) on 
LCIB-mediated CO2 uptake and LCIA-associated HCO3– transport.  
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CHAPTER 5. MEDIUM CHAIN FATTY ACID PRODUCTION IN 
CHLAMYDOMONAS REINHARDTII  
Abstract 
Microalgae have garnered significant interest for their practical application 
as sunlight-driven factories to convert CO2 into high value co-products, such as 
fatty acids for biodiesel production. In order to produce high quality biodiesel, fatty 
acids with medium carbon length (C8–C14) are required. However, medium chain 
fatty acids are not naturally occurring in many microalgae, including the model 
organism, Chlamydomonas reinhardtii. Here we describe an effort to manipulate 
fatty acid biosynthesis in Chlamydomonas by heterologous expression of a 
thioesterase gene from Cuphea palustris (TE0) that encodes a distinct acyl-ACP 
thioesterase catalyzing the production of C8:0 and C10:0 fatty acids. TE0 was 
successfully incorporated into the chloroplast genome of Chlamydomonas, and the 
expression of transgenic TE0 mRNA was detected. However, transgenic lines 
expressing TE0 failed to produce the desired medium chain fatty acids, suggesting 
that, even if the mRNA was translated to generate a functional protein, that 
thioesterase was unable to impact Chlamydomonas fatty acid biosynthesis.  
1. Introduction 
Depleting supplies of petroleum-based fuels have pushed considerable 
efforts to find alternative energy sources that are sustainable and renewable. 
Biodiesel, one example of alternative fuel, commonly derives from plant oil and 
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has been used as replacement for petroleum diesel. Biodiesel consists of methyl 
ester fatty acids which typically have 10–15 carbon atom and have high energy 
density that is similar or higher than the petroleum diesel (Durrett et al., 2008). 
Microalgae have gained substantial attention as a biodiesel source due to their 
capability for photosynthesis, faster growth and ability to endure in a wide variety 
of environments. Even though some species of microalgae can accumulate lipids 
up to 50% of their biomass, the lipid composition typically is not ideal for biodiesel 
since most microalgae produce C16 to C22 fatty acids with varying degrees of 
unsaturation (Hu et al., 2008; Harwood and Guschina, 2009). Thus, bioengineering 
better fatty acid composition in microalgae is necessary for biodiesel production.  
In microalgae, fatty acid biosynthesis has been studied in the green alga 
Chlamydomonas reinhardtii, where fatty acid biosynthesis is carried out by a type 
II Fatty Acid Synthase (FAS), a group of separate enzymes that catalyzes the 
elongation of a growing fatty acid by repetitive addition of two carbon units. The 
termination of fatty acid synthesis is carried out by acyl-acyl carrier protein 
thioesterase (TE) that catalyzes the hydrolysis of mature fatty acid from the ACP. 
TE of Chlamydomonas belongs to the Fat1 class of TEs, which is different from 
that of plants, because it produces a wide range of fatty acid lengths (C14–C18) 
as well as a range of unsaturation degrees (James et al., 2011). By contrast, 
specific phyla of plants contain a distinct type of TE for different length of fatty acids 
(Salas and Ohlrogge, 2002). Thus, introduction of foreign TE has been used to 
engineer changes in fatty acid chain length in several organisms. For example, 
heterologous expression of TE from Umbellularia californica or California bay 
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laurel increased C12:0 fatty acid in Arabidobsis thaliana and Brassica napus 
(Voelker et al., 1992; Voelker et al., 1996). Following this type of strategy, we 
aimed to engineer production of medium chain fatty acid, C8:0 and C10:0, in 
Chlamydomonas by introducing TE from Cuphea palustris.  
2. Materials and Methods 
2.1. Strain and growth 
Chlamydomonas strain 21gr (CC-1690 mt+) was obtained from the 
Chlamydomonas stock center, Duke University, Durham, NC. Cells were 
maintained on agar plates containing TAP medium in room temperature with a 5% 
CO2 atmosphere. Liquid cultures were grown in TAP medium on a gyratory shaker 
at 200 RPM under 60 μmol photons m− 2 s− 1 illumination.  
2.2. Chloroplast overexpression plasmid construction 
The chloroplast overexpression plasmid was constructed in the following 
order. TE gene of Cuphea palustris (TE0) lacking its transit peptide sequence was 
first ligated into NcoI and NotI sites of pDW2258 plasmid (Wright and Spalding, 
unpublished data) containing atpA promoter and rbcL terminator, which resulted in 
plasmid pDW2258_TE0. Selectable marker, aadA, a gene encoding 
aminoglycoside 3"-adenylyltransferase under control of psbA promoter and 
terminator (Goldschmidt-Clermont, 1991), was PCR amplified from pDW2368 and 
incorporated into BamH1 and XmaI sites of pDW2258_TE0 to generate plasmid 
pDW2258_TE0_aadA. To express TE0 in the chloroplast of Chlamydomonas, 
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plasmid pDW2530 (Wright and Spalding, unpublished data), containing 400 bp of 
atpA and rbcL flanking site, was used. The final construct was generated by 
inserting a pDW2258_TE0_aadA BamH1-to-SalI fragment containing TE0 and 
aadA into the BamH1 and SalI sites of pDW2530. This final expression plasmid is 
called pDW2530_TE0_aadA. TE0 gene was obtained from Dr. Basil Nikolau, Iowa 
State University.  
2.3. Chloroplast transformation 
Microprojectile bombardment, performed in Plant Transformation Facility, 
Iowa State University, with Seashell Technology S550d gold DNA formulation 
protocol, was used to deliver pDW2530_TE0_aadA into the Chlamydomonas 
chloroplast (http://www.seashelltech.com/protocols.shtml#chlamydomonas). 
Transformed cells were grown in TAP agar plates containing 12.5 µg/ml 
spectinomycin under low light in a 5% CO2 chamber. Colony PCR was used to 
detect the presence of an intact construct in putative transformants.  
2.4. Gene expression analysis 
The expression of TE0 was detected with Reverse transcriptase PCR (RT-
PCR). RNA was extracted from 10 ml of liquid culture containing 3 million cells/ml 
using RNAeasy minikit (Promega), and the RNA concentration was determined by 
Nanodrop. To remove DNA contamination, isolated RNA was treated with DNAse 
as described by TURBOTM DNAse kit (Ambion).  cDNA was generated from 800 
ng total RNA using Super Script III First-strand synthesis system (Invitrogen).  
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2.5. Fatty acid content analysis 
Fatty acid methyl esters from transgenic Chlamydomonas were extracted 
using barium hydroxide hydrolysis and recovered in hexane (Bonaventure et al., 
2003). The extracted fatty acid methyl esters were subjected to GC/MS in the W.M. 
Keck Metabolomic Research Lab, Iowa State University, for detection and 
quantitation of individual fatty acids.  
3. Results 
3.1. Transgenic Chlamydomonas expressing specific TE gene 
In order to build stable clone of the overexpression plasmid 
pDW2258_TE0_aadA in Escherichia coli, the sequence containing TE0 gene 
along with atpA promoter and rbcL terminator as well as the selectable marker, 
aadA, was ligated as one unit into a plasmid (pDW2530) bearing the flanking 
chloroplast sequence of atpA and rbcL. The incorporation of individual DNA 
fragments of TE0 or aadA alone into pDW2530 resulted in clones with sequence 
rearrangements.  
pDW2258_TE0_aadA was successfully introduced into the 
Chlamydomonas chloroplast as indicated by the appearance of spectinomycin 
resistant colonies on selection plates. The integration of TE0 into the chloroplast 
genome was validated in six individual colonies by colony PCR using four sets of 
primers covering different regions of the transgene. As shown in Figure 1, the TE0 
gene and the aadA gene, which confers resistance to spectinomycin, were 
successfully integrated into the chloroplast genome.  
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Figure 5.1. Colony PCR results confirming integration of the overexpression 
plasmid pDW2258_TE0_aadA in the Chlamydomonas chloroplast. Primers are 
indicated by small thin arrows, and the map of the overexpression plasmid and the 
chloroplast integration sites are represented by thicker arrows. LF: left flanking site; 
RF: right flanking site; plasmid: pDW2258_TE0_aadA. 
To confirm the expression of the integrated TE0, reverse transcriptase PCR 
(RT-PCR) was performed on five selected colonies. TE0 transcript accumulation 
was detected in all five, selected colonies but was absent in the wild-type strain, 
indicating that the selected transgenic lines were expressing the TE0 transgene at 
the mRNA level.  
3.2. Short-chain fatty acid detection in the transgenic lines 
TE0 from C. palustris encodes a specific acyl-ACP thioesterase that 
catalyzes the production of C8:0 and C10:0 fatty acids. To determine whether 
expression of TE0 changes the fatty acid profile in Chlamydomonas, we extracted 
fatty acids from two transgenic lines and converted them into fatty acid methyl 
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esters (FAME), which were analyzed and quantified by GC/MS. The GC/MS 
results showed that C8:0 and C10:0 fatty acids were absent from the wild type, as 
expected, but also were absent from transgenic lines expressing TE0 gene (Figure 
5.3).  
 
Figure 5.2. Reverse Transcriptase PCR to detect expression of the TE0 transgene.  
 
Figure 5.3. Fatty acid profile of transgenic Chlamydomonas (strain #3 and #6) and 
wild type (21gr).   
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4. Discussion 
The carbon chain length in fatty acid biosynthesis is determined by the 
enzymatic activity of acyl-ACP thioesterase (TE). TE catalyzes the hydrolysis of 
the acyl-ACP thioester bond to release a free fatty acid from type II fatty acid 
synthase (FAS) complexes, which commonly occurs in bacteria and also in 
mitochondria, chloroplasts and apoplasts of plants (Beld et al., 2014). In plants, 
specific types of TE, which belong to the FatB-class, produce medium chain fatty 
acids with carbon length of C8 to C14 (MCFAs), for example TE isolated from seed 
of Umbellularia californica (Pollard et al., 1991) and Cuphea (Dehesh et al., 1996a; 
Dehesh et al., 1996b; Leonard et al., 1997). MCFAs are economically valuable and 
have been utilized for wide range of industrial applications. One potential 
application of MCFAs is to improve the quality of biodiesel production. In recent 
years, microalgae have gained huge attention as a host to produce biodiesel due 
to their rapid growth, high photosynthetic performance and growth tolerance in 
diverse environments. High quality biodiesel typically consists of fatty acid methyl 
esters with relatively short carbon length (8–14) (Blatti et al., 2013) , but many 
microalgae, including the model organism Chlamydomonas, do not normally 
produce the types of MCFAs needed for high quality biodiesel. Thus, efforts to 
manipulate microalgal fatty acid content represent an attractive strategy to 
generate robust microalgal biodiesel factories. Here we present our attempt to 
produce medium chain fatty acid in Chlamydomonas via heterologous expression 
of C. palustris acyl-ACP thioesterase.  
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To alter the fatty composition in Chlamydomonas, we introduced C. 
palustris FatB TE (TE0) that produced C8:0 and C10:0 fatty acid in immature and 
mature seed of this plant (Dehesh et al., 1996a). Since the fatty acid biosynthesis 
in Chlamydomonas occurrs inside the chloroplast, we used biolistic transformation 
to integrate TE0 into the atpA and rbcL region of the chloroplast genome. TE0 
gene was successfully integrated into the chloroplast genome, as indicated by 
colony PCR results. Furthermore, all selected transformed cells expressed mRNA 
of TE0. However, although TE0 was expressed, at least in the mRNA level, fatty 
acid profiles from two transformed lines failed to detect any C8:0 and C10:0 fatty 
acids, and their fatty acid profiles appeared identical to that of the wild type, 21gr. 
Similar results were seen when TE from U. californica and Cuphea hookeriana 
were expressed in Chlamydomonas, where, even though plant TEs were highly 
expressed and enzymatically active in the Chlamydomonas chloroplast, GC/MS 
results showed no significant alteration in fatty acid content of the transgenic lines 
compared to that of the wild type  (Blatti et al., 2012). By contrast, small increases 
in C12:0 (6.2%) and C:14 (15%) relative to total fatty acids by weight were seen 
when FatB TE from U. californica (12:0-specific) and Cinnamomum camphora 
(14:0-specific) were expressed in the diatom Phaeodactylum tricornutum 
(Radakovits et al., 2011). Similarly, heterologous expression of TE0 in E.coli 
increased the production of C:8 and C:10 fatty acids (Jing et al., 2011).  
Blatti et al. (2012) demonstrated that protein-protein interaction between TE 
and ACP is required for termination of fatty acid from ACP. Using an activity-based 
crosslinking probe, they showed in vitro that TE and ACP of Chlamydomonas must 
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interact in order to release the ACP cargo. TE from plants, however, failed to 
crosslink with Chlamydomonas ACP, which appears to explain the resulting lack 
of production of medium chain fatty acids. It has been shown that in type II fatty 
acid synthases, the attached cargo of ACP is buried in its inner hydrophobic core 
and, upon protein-protein interaction, the attached cargo is released from the inner 
core to the active site of the interacting protein (Worthington et al., 2006). Thus, 
interaction between ACP and TE is essential for the hydrolysis of fatty acid from 
ACP. The importance of protein-protein interaction to increase MCFA production 
was recently reported in E.coli. To enhance the interaction between endogenous 
ACP in E.coli and heterologous TE from Acinetobacter baylyi, small nonpolar 
amino acids in the surface of heterologous TE were replaced with positively 
charged amino acids resulted in electrostatically matching interface between these 
two proteins. This matching protein interface strategy allowed an E.coli mutant to 
produce up to 80% MCFAs from total secreted fatty acids (Sarria et al., 2018).  
In conclusion, the absence of MCFAs in Chlamydomonas transgenic lines 
expressing TE0 can be almost certainly attributed to a lack of interaction between 
TE0 and Chlamydomonas ACP. To design better approach for fatty acid 
engineering in Chlamydomonas, detailed characterizations of fatty acid 
biosynthesis machinery in Chlamydomonas are necessary.  
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CHAPTER 6. GENERAL SUMMARY 
To adapt to the limited CO2 environment, Chlamydomonas reinhardtii has 
evolved a CO2 concentrating mechanism (CCM) that allows high accumulation of 
internal inorganic carbon (Ci). Key components of the CCM are Ci transporters 
imbedded in the membrane of various cell compartments that facilitate the 
movement of CO2 and HCO3– from the environment to the chloroplast in which 
Rubisco, an essential CO2 fixing enzyme, localizes. Through the conditional 
overexpression study, LCI1—a low CO2 plasma membrane protein—has been 
shown to be associated with active Ci uptake; however, its precise role in the CCM 
is still unclear. In this dissertation, using genetic and physiological analysis of LCI1 
loss-of-function mutant, I have shown that LCI1 is associated with a CO2 uptake 
system in a low CO2 acclimation state particularly above the air-level CO2. 
Furthermore, LCI1 shows a strong preference to CO2 rather than HCO3–. This 
research expands our understanding of LCI1 functional role in the 
Chlamydomonas CCM.  
Chlamydomonas also has been used as an attractive model for practical 
applications, for example, as a platform to produce high value compounds such as 
medium chain fatty acids required for biodiesel production. Chapter 5 in this 
dissertation shows the genetic engineering effort to produce medium chain fatty 
acids in Chlamydomonas. The results from this research indicate that 
comprehensive characterization of Chlamydomonas fatty acid biosynthesis 
machinery is required to design better genetic engineering strategies to alter 
Chlamydomonas fatty acid composition.  
